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Abstract 
 
This research work studies the influence of zinc on surface treatments such as 
mechanical polishing, anodic alkaline etching, alkaline etching and electropolishing. 
Solid-solution binary alloys containing 0.6, 1.0 and 1.9at.%Zn were investigated using 
scanning and transmission electron microscopies and ion beam analysis.  
Initially, the near-surface composition of the surface pretreated aluminium alloys were 
determined using Rutherford backscattering spectroscopy (RBS), medium energy ion 
scattering (MEIS) and glow discharge optical spectroscopy (GDOES). Subsequently, 
the surface morphologies of the pretreated specimens were characterized by 
secondary electron microscopy (SEM) and atomic force microscopy (AFM). Further 
related work was undertaken on the effect of the employed surface treatments on the 
anodic behaviour of aluminium-zinc alloys. A final analysis was carried out on the 
influence of grain orientation on zinc enrichment and surface morphologies of 
aluminium-zinc alloys developed during alkaline etching. 
The results reveal that surface pretreatments of aluminium-zinc alloys lead to zinc 
enrichment at the alloy/film interface. The number of zinc atoms contained in the 
enriched layer depends upon the employed surface pretreatment and the alloy 
composition. Surface pretreatments influence the topography of Al-Zn alloys. In 
particular, for electropolishing, alkaline etching and anodic alkaline etching, the 
resultant surface morphologies were associated with the oxidation-dissolution-
precipitation mechanisms occurring at the alloy/film interface and at the film/solution 
interface. 
Anodizing of Al-Zn alloys shows that the anodic films growth on Al-Zn alloys in 
rolled condition and after surface treatment becomes detached from the substrate 
independently of the surface treatment employed, although detachment of the anodic 
film occur earlier on surface pre-treated Al-Zn alloys that developed zinc enrichment.  
The final studies correlated the mechanisms of oxidation and dissolution with the 
grain orientation. The result revealed that the (111) grain dissolves faster than other 
grains, while the higher number of zinc enriched atoms were measured on the  (001) 
grain.  
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Chapter 1 
Introduction 
 
Overview 
 
Aluminium and its alloys are considered to be among the most promising engineering 
materials and have applications in a wide range of sectors such as transport, 
construction, packaging, electrical, domestic appliances.  
In particular in the transport sector, the use of aluminium in manufacturing of cars, 
trucks, buses, coaches, ships, ferries and aircraft decreases the weight of these 
products, thereby helping to reduce fuel consumption and, consequently, CO2 
emissions. 
The European Aluminium Association consider aluminium the ideal material for 
reducing the CO2 emissions as it allows weight saving of up to 50% over competing 
materials in most applications such as steel, without compromising safety and 
strength, which, in turn, results in a 20 percent reduction of CO2 emissions. 
 
Aluminium has an excellent corrosion resistance due to its strong affinity for oxygen 
that causes the development of a protective oxide layer when the aluminium surface is 
exposed to the atmosphere. The application of aluminium is facilitated by two 
additional properties that are its low density, namely 2.7 g/cm
3
, and the high 
mechanical strength achieved by suitable alloying and heat treatment.  
Further, aluminium possesses other valuable properties such as high thermal and 
electrical conductance, reflectivity, ductility, magnetic neutrality, non-poisonous and 
colourless nature of its corrosion products.  
 
Various treatments of the metal and the addition of one or more alloying elements 
modify the properties of aluminium allowing the development of a wide range of 
alloys that have varied strengths and ductility. 
 
Aluminium alloys, which are divided into two main classes, namely the “wrought 
alloys” that are cast in ingots or billets and hot and cold worked mechanically into the 
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final form, and the “cast alloys” that are cast directly into their required shape, have 
different properties and application dependent upon the main alloying element that 
they contain. The classes of alloys are divided according to the main alloying element 
that they contain. The 1XXX alloys are made of pure aluminium The 2XXX series, 
having a concentration of copper that ranges between 3-6wt%, are high strength 
alloys and are used in the aircraft industry, while, the 3XXX series alloys contain 
manganese as the main alloying element (1-2 wt.%) and have their major application 
in the packaging industry. The 4XXX series, whose main alloying element is silicon, 
are low-strength alloys that are used for welding and for cladding in architectural 
products. The 5XXX series alloys, having a concentration of magnesium higher than 
6 wt. %, are used for their good formability in architectural applications and in the 
automotive industry. The main alloying elements in the 6XXX series alloys are 
silicon and magnesium of concentration of silicon ranging between 0.3-1.5 wt.% ; the 
6XXX series alloys have a good corrosion resistance and are used mainly in the 
following industries: transport, building, shipping and heating. The 7XXX series alloy 
contains mainly zinc in the range of 4–6 wt. % and magnesium with concentration 
between 1 and 3 wt %. These alloys have aeronautical applications.  
 
The additions of alloying elements to aluminium improve its strength or other 
properties, although they often decrease the corrosion resistance; consequently, the 
development of aluminium alloys has increased the necessity to employ protective 
surface treatments in the manufacture of aluminium alloy products. 
Surface treatments modify surface morphology and near-surface structure of 
aluminium and aluminium alloys; mechanical polishing produces a smooth and 
lustrous surface removing scratches, pits and blemishes under the influence of 
pressure and high local temperatures generated during the mechanical abrasive 
treatment. Pre-treatments such as chemical, electrolytic polishing, chemical cleaning 
and etching are dissolution processes that flatten the rough surface of aluminium or 
aluminium alloys by dissolving the high points of the rough surface faster that the 
depressions. Conversely, chemical conversion coatings and anodizing develop a film 
on the aluminium surface which has a chemical structure different from the bulk 
material and protects the metal from the environment.  
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Zinc is an important alloying element in aluminium enabling important structural 
alloys, such as the 7xxx alloys, to be generated. Zinc is generally considered to 
depress the pitting potential of aluminium, unlike copper, which has the effect to 
increase the value of pitting potential of aluminium. Thus, aluminium-zinc alloys, due 
to the low pitting potential, are used as anodes in alkaline batteries and as sacrificial 
anodes in cathodic protection. 
 
In the periodic table, zinc is the first element of Group IIB of the periodic table and it 
is sited next to copper along Period 4. The atomic structure of zinc is 1s
2
 2s
2
 2p
6
 3s
2
 
3p
6 
3d
10
 4s
2
, which differs from the atomic structure of copper by the two s-orbit 
electrons in the outer shell. Consequently, the electrochemical behaviour and the 
metallurgy of Al-Zn alloys differ substantially from those of Al-Cu alloys. 
  
Previous studies have widely investigated the influence of copper on the behaviour of 
aluminium-copper alloys during surface treatments such as electropolishing, chemical 
polishing and alkaline etching, observing the development of copper enrichment at the 
alloy/film interface. In particular, growth of barrier-type anodic films on Al-Cu alloys 
appears to reveal a dependence of both enrichment and film growth on grain 
orientation. Comparatively less work has addressed the influence of zinc on the 
oxidation mechanism of aluminium-zinc alloys during surface pre-treatments and 
anodizing, although it was found that the oxidation of dilute aluminium alloys, such 
as the Al-Zn, develops a layer enriched in the main alloying element at the alloy/film 
interface. 
 
The formation of the enriched alloy layers is considered to be of importance to the 
properties of the alloy/film interface, which impact on the alloy performance in many 
areas involving surface phenomena, including surface treatment and corrosion. 
Interestingly for zinc-containing aluminium alloys, the development of the enriched 
layer is associated with detachment of the anodic film from the substrate. 
Such detachment of the anodic film may be deleterious for the use of aluminium-zinc 
alloys. 
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Objectives 
 
The aim of this research work is to provide insight into the effect of zinc upon the 
development of surface texture and the near surface composition during selected 
surface treatments including mechanical polishing, electropolishing, alkaline etching, 
anodic alkaline etching and anodizing. In particular, this research analyses the effect 
of zinc on the oxidation processes that occur during surface treatments. 
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Chapter 2 
Properties, Corrosion and Surface 
Treatments of Aluminium and Aluminium 
Alloys 
 
Introduction 
 
Aluminium is one of the most abundant structural metals, constituting over 8% 
of the Earth’s crust. Aluminium production is based on the Hall-Heroult process 
(1); alumina, refined from bauxite, is dissolved in a cryolite bath with various 
fluoride salt additions. An electric current is then passed through the bath to 
electrolyze the dissolved alumina, with oxygen forming at, and reacting with, 
the carbon anode, and aluminium collecting as a metal pad at the cathode. The 
separated metal is then periodically removed. 
 
The unique qualities of this metal, which can be developed and modified by 
alloying and processing, make aluminium economically attractive for a wide 
variety of uses, for example in aerospace, automotive, architectural, electronic, 
lithographic and packaging applications. Further, aluminium is the most 
commonly used sacrificial material for cathodic protection of steel in sea water.  
Pure aluminium supports a thin protective oxide film which renders it 
ineffective as a pure metal sacrificial anode. The addition of alloying elements 
such as In, Ga, Hg, Sn, Zn, shifts the pitting potential towards more negative 
potentials, causing the so-called activation of Al. For these properties, 
aluminium-zinc alloys have important application as sacrificial anodes in 
cathodic protection and anodes in alkaline batteries.  
 
Additionally, the quality of an aluminium product depends on the mechanical 
and chemical surface treatments that precede the actual finish, i.e. prior to 
surface finishing, involving conversion coatings, anodising. Pre-treatments are 
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essential to remove deformed layers from fabrication and to remove millscale 
detritus, including process lubricants. Thus, surface engineering of aluminium 
alloys is crucial for fit-for-purpose products.  
 
The present chapter presents the properties and the metallurgy of aluminium and 
aluminium alloys. Additionally, the chemistry associated with surface 
treatments such as mechanically polishing, electropolishing, alkaline etching is 
described.   
 
Properties of Aluminium 
 
 
Aluminium is a silvery-white metal that is found primarily in bauxite ore. It has 
a light weight and is malleable, ductile, and easily machined and cast.  
 
Aluminium belongs to Group III of the Periodic Table of chemical elements.  It 
has the symbol Al, and atomic number 13 and atomic weight 26.981 g. The 
electronic structure that has substantial influence on the chemical properties of 
the metal is 1s
2
 2s
2
 2p
6
 3s
2
 3p
1
 and corresponding valence of 3. The crystal 
structure of aluminium is FCC (Figure 2.1), with each Al atom being 
surrounded by 12 nearest neighbours(2). The length of the lattice cube for 
aluminium is a = 0.404958 nm (3). Pure aluminium has the following 
properties: the density at room temperature (20 °C) is 2698.72 kg/m
3
 and the 
coefficient of thermal expansion at 20 °C is 23 µm/m·K. The electrical 
resistivity of aluminium varies with the purity;  for superpure aluminium 
(99.990%) at 20°C, it is 2.6548 x10
-8
 Ω·m (3) . 
 
Aluminium has a very high affinity for oxygen and whenever a fresh aluminium 
surface is exposed to air it oxidises rapidly generating a compact, adherent 
protective film of aluminium oxide that has a thickness of about 2-3 nm.  
Immersion in water results in further film thickening due to development of an 
outer layer of hydrated alumina. Aluminium is passive in strong acid solutions, 
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such as concentrated nitric acid, where it develops a passive layer over the 
macroscopic surface. 
The Al-H2O Pourbaix Diagram 
  
The standard electrode potential of aluminium in aqueous solution is -1.67 
V/SHE (4). The electrochemical potential depends on the grain orientation and 
it is approximately 0 .01 V more negative on the (111) face than the (100) face 
(5).   
 
The corrosion behaviour of aluminium in aqueous solution is presented in the 
Al-H2O potential-pH equilibrium diagram (Figure 2.2) (6). This diagram uses 
only thermodynamic data and does not supply any information about the 
kinetics of the system. 
 
The data used in the diagram are based on the Nernst equation: 
 
)(
)(
log
303.2
reda
oxida
nF
RT
EE                                                                     (2.1)                                                                    
 
where 
E  = half cell potential 
            R = Gas constant 
T = Absolute temperature 
n = Number of electrons transferred 
F = Faraday constant 
a = Activity of the oxidised and reduced species   
 
The Equilibrium Diagram is valid only in the absence of substances with which 
aluminium can form complexes or insoluble salts. 
The range of aluminium oxide hydroxides in water is shown in Figure 2.3. Two 
forms of oxide can develop during passivation, namely boehmite Al2O3 ·3H2O 
and hydroargillite Al2O3 ·H2O.  
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Perrault (7) determined potential-pH diagrams of aluminium in salt solution 
concluding that the equilibrium of aluminium in a deoxygenated aqueous 
solution involves two hydride forms, namely AlH3 in alkaline solutions  and 
AlH
2+ 
in acid and neutral solutions.
 
 
 
In alkaline solution, the catholic reaction is the reduction of water to hydrogen 
(8),  with the reaction: 
 
  OHHOHe 22
2
1
                                                                                (2.2)                                                                                          
 
The rate of the cathodic reaction is a function of the electrode potential but not 
of pH, and it is independent of the thickness of the passive layer. The anodic 
reaction is the corrosion of Al, with the following reaction (9): 
  
    eOHAlOHAl 34 4                                                                          (2.3)                                                                                  
 
Macdonald at al. (10, 11) found that aluminium is a passive metal in 4M KOH 
at 25ºC and possibly also at 50ºC in a range of potential that varies from -
1.9V/(Hg/HgO) to -1.6 V/(Hg/HgO). At higher voltages aluminium is 
considered to dissolve in a transpassive mode through a porous corrosion 
product film.  
Straumass et al. (12, 13) explained the rate of anodic dissolution in chloride and 
fluoride solutions by considering positive and negative difference effects.  
 
Macdonald (14) has also widely studied the effect of minor alloying elements on 
the behaviour of aluminium in alkaline solution at diverse temperatures. He 
concluded that minor alloying element such as Ga, In, Tl and Mg depress the 
corrosion rate shifting the open circuit potential to more positive value. This is 
attributed to the formation of a thin  passive layer, activation of the alloy occurs 
by the oxidation of this layer to form soluble products; for example, the critical 
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activation potential in  Al-Ga alloys is determined by the oxidation of Ga to 

4)(OHGa .   
Tuck et al. (15) studied the electrochemical behaviour of Al-Ga alloys in 
alkaline and neutral electrolytes observing that the activation of the Al-Ga 
alloys is caused by the reduction of gallium present at localized surface sites   
resulting in partial disintegration of the aluminium oxide film and deposition of 
gallium metal on the surface. This process decreases the electrode potential to 
values that are lower than the normal aluminium corrosion potential. 
 
Keir et al.(16) found that the addition of tin to aluminium develops an oxide 
film of low ionic resistance in 0.1N NaCl solution  and gives large galvanic 
currents when coupled to a mild steel cathode.  
 
Properties of Zinc 
 
Zinc is a lustrous bluish-white metal. It is found in Group II of the Periodic 
Table. It has the symbol Zn, and atomic number 30 and atomic weight 65.37 g. 
The electronic structure that has a substantial influence on the chemical 
properties of the metal is 1s
2
 2s
2
 2p
6
 3s
2
 3p
6 
3d
10
 4s
2
 (17). Zinc is soft, has a low 
melting point that is 419.505 ºC and is more electropositive than its neighbours 
in the transition group. Zinc has a valence number 2+ and the electrode potential 
is –0.763 V/NHE (18). Properties such as the standard and formal potentials are 
different for polycrystalline zinc and for single crystals as the zinc crystals are 
anisotropic (19).  
 
The structure of the solid zinc, although based on the typically metallic 
hexagonal close-packing, is significantly distorted (Figure 2.4). The lattice 
constants a and c are respectively 2.664 Å and 0.4947 Å. The axial ratio c/a is 
1.856; this value indicates that zinc structure has a wider atomic spacing in the c 
direction (17). In the case of Zn, the distortion is such that, instead of having 12 
equidistant neighbours, each atom has 6 nearest neighbours in the close-packed 
plane with the 3 neighbours in each of the adjacent planes being about 10% 
more distant (20).  
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The consequence is that these elements are much less dense and have a lower 
tensile strength than their predecessors in Group 11. This has been ascribed to 
the stability of the d electrons, which are now tightly bound to the nucleus: the 
metallic bonding therefore involves only the outer s electrons, and is 
correspondingly weakened. 
 
The grain structure in a polycrystalline zinc product reveals preferred 
orientations depending on the casting and mechanical working conditions: for 
cast products, the 0001 direction is perpendicular to the axis of the cast 
columnar crystals; for wire, the 0001 plane is parallel to the axis of the drawn 
wire; for sheet the 0001 plane is parallel to the rolling plane and the 1120 is 
parallel to the rolling direction for sheet rolled at 20ºC (21). 
 
Zinc shows few of the characteristic of transition metals, despite the position in 
the d block of the Periodic Table. The d orbitals in the third shell of the zinc 
atom are never used in bond formation; consequently, in solid compounds, the 
metal has constantly the valence two and, in the vapour phase, the valence of 
zinc can be one.   
The chemistry of zinc is similar to the main-group metal magnesium despite the 
fact that it is less electropositive than magnesium. The ionic radii of zinc and 
magnesium are similar (0.074 nm and 0.065 nm respectively). Many zinc and 
magnesium compounds are isomorphous, and it displays the class-a 
characteristic of complexing with O-donor ligands. Zinc has a greater tendency 
than magnesium to form covalent compounds, and it behaves similarly to the 
transition elements in forming stable complexes.   
 
Zinc is unstable in air and water and does not react with hydrogen, carbon or 
nitrogen.  It dissolves in non-oxidizing acids with the evolution of hydrogen; 
with oxidizing acids the reactions are more complicated with nitric acid, for 
instance, generating a variety of oxides of nitrogen dependent on the 
concentration and temperature (2). 
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Zinc forms alloys such as the brasses that have commercial importance.  The 
main characteristic of zinc as an alloying element is that its solid solubility in 
other metals is very limited and additionally few metals have appreciable solid 
solubility in zinc although in aluminium the solid solubility can reach 70 weight 
per cent (5). 
 
The Zn-H2O Pourbaix Diagram 
 
Thermodynamically zinc is unstable in the presence of water and, in aqueous 
solution, it tends to dissolve with the evolution of hydrogen in acid, neutral or 
very alkaline solutions (6), additionally zinc tends to dissolve forming 
complexes (22). Pure zinc has a large hydrogen overpotential, and, for this 
reason, these reactions take place very slowly. 
The standard electrode potential of zinc in aqueous solution is -0.762 V/SHE 
(4). The value for the standard potential of the zinc electrode is calculated using 
the following expression (21):  
 
  eZnZn 22       Eo= Σνμ/2360n = -35,184/2 x 23,060 = -0.763 VSHE    (2.4) 
 
where ν is the stoichiometric coefficient, n is the number of electrons involved 
in the reactions and µ is the chemical potential of the species (21). 
The Zn-H2O Pourbaix Diagram is shown in Figure 2.5; the diagram represents 
the condition of thermodynamic equilibrium of the system zinc-water at 25ºC in 
the absence of species that forms complex or insoluble compounds (6). The 
lines labelled with the letters a and b represent the equilibrium conditions of the 
reduction of water to gaseous hydrogen and of the oxidation of water to gaseous 
oxygen, when the partial pressure of hydrogen or oxygen is 1 atm at 25ºC. 
  
In acid solutions, the corrosion of zinc liberates the Zn
2+ 
ions with the following 
reaction: 
 
(2.5) 
 
  eZnZn 22
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Conversely, in alkaline solution, two reactions take place depending on the pH.  
The bizincate ions 

2HZnO  are produced in moderately alkaline solution for a 
range of pH comprised between 9.2 and 13.1 and the zincate ions  22ZnO 4 are 
generated in strongly alkaline solutions for a pH higher than 13.1 (23-25). 
According to the Pourbaix Diagram, the equilibrium reactions involved are as 
follows (6): 
 
  eHHZnOOHZn 232 2                                                               (2.6) 
 
  eHZnOOHZn 242 22                                                                (2.7) 
 
 
Aluminium Alloys 
 
The properties of aluminium are improved by the addition of alloying 
elements(26). The common alloying constituents are copper, magnesium, 
silicon, zinc, manganese and nickel. Two classes of alloys may be considered. 
The first is “cast alloys”, which are cast directly into their desired forms, while 
the second class is “wrought alloys” that are cast in ingots or billets and hot and 
cold worked mechanically into extrusions, forgings, sheet, foil, tube and wire. 
 
Classification System of Aluminium Alloys 
 
The composition of those aluminium alloys is regulated by an internationally 
agreed classification system or nomenclature. The American Aluminium 
Association designations that are described in this section are related to the 
British Standard General Engineering series and to the I.S.O. designations. The 
European system and the American system are almost equivalent, although a 
direct correlation is impossible in certain cases (27-29). The wrought scheme is 
as follows: each registered alloy is described by a four digit number, with a 
further letter and number indicating the temper, or condition of the alloy. For 
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example, 6082-T6 is a medium strength grade based on the aluminium-
magnesium-silicon family, in the fully heat treated condition.  
 
The classification of wrought alloys is given below (30, 31):  
 
• 1xxx Series - aluminium, 99% minimum purity 
• 2xxx Series - aluminium-copper alloys 
• 3xxx Series - aluminium-manganese alloys 
• 4xxx Series - aluminium-silicon alloys 
• 5xxx Series - aluminium-magnesium alloys 
• 6xxx Series - aluminium-magnesium-silicon alloys 
• 7xxx Series - aluminium-zinc-magnesium alloys 
• 8xxx Series - miscellaneous alloys, e.g. aluminium-lithium alloys 
 
On the other hand the classification for cast alloys is given below (30): 
 
• 1xx.x Series - aluminium of 99% minimum and greater purity 
• 2xx.x Series - aluminium-copper alloys 
• 3xx.x Series - aluminium-silicon alloys with added copper and/or magnesium 
• 4xx.x Series - aluminium-silicon alloys 
• 5xx.x Series - aluminium-magnesium alloys 
• 6xx.x Series - unused 
• 7xx.x Series - aluminium-zinc-magnesium alloys 
• 8xx.x Series - aluminium-tin alloys 
• 9xx.x Series - other elements 
 
The wrought alloys are divided in two categories; the non-treatable alloys that 
comprises 1xxx, 3xxx, 4xxx and 5xxx series and the heat treatable 2xxx, 6xxx, 
and 7xxx series. The temper designation system used in the United States for 
aluminium and aluminium alloys follows the alloy designation from which it is 
separated from it by a hyphen. These letters indicate a specific sequence of 
treatment that affects the properties of the alloys. Strengthened tempers of non-
heat-treatable alloys are indentified by the letter “H” that follows the alloy 
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designation, while the letter “T” is used to identify the heat-treatable alloys. The 
condition of maximum softness is indicated with the symbol “O” (30). All the 
non-heat treatable alloys have a high resistance to corrosion. Cast alloys are also 
divided in two categories the non-heat-treatable indicated with the letter “F” and 
the heat-treatable indicated with letter “T” (32). 
 
A final group of aluminium alloys are the Aclad alloys. Aclad alloys contain a 
core of aluminium alloy and a coating on one side or both sides that is usually 
an aluminium alloy. The coating, consisting of about 5% of the thickness, 
galvanically protects the core (90% of the alloy) when exposed at scratches, cut 
edges and rivet holes (33).    
 
Metallurgy of Aluminium Alloys 
 
The resultant microstructure during solidification is strongly influenced by the 
solid solubility of the alloying elements and impurities in the aluminium. Under 
equilibrium conditions, the solidification of aluminium produces a 
homogeneous single-phase solid alloy. However during conventional casting 
processes, the solubility limits are usually exceeded and precipitation or 
segregation of intermetallic phases occurs as a result of non-equilibrium phase 
transformations. Even at impurity levels, elements of low solubility in 
aluminium and/or high melting point form intermetallic phases (31, 34, 35).  
 
In general, diffusion in metal and alloys follows Fick’s second law: 
2
2
dx
nd
D
dt
dn i
i
i                                                                                                 (2.8) 
where Di  is the diffusion coefficient (36). 
 
Transition metals typically have very low equilibrium solid solubilities in 
aluminium and very low diffusive fluxes. The former point means that iron, for 
example, is likely to form coarse intermetallic phases. However, low diffusive 
fluxes mean that, once in solid solution, the nucleation of new phases and the 
growth of new dispersoids will be rather slow. A list of the diffusivity, liquid 
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and solid solubility of most alloy transitional metal in aluminium is represent in 
Table 1 (37). 
 
Effect of Composition and Microstructure on Corrosion Resistance of 
Aluminium Alloys 
 
The corrosion resistance of aluminium can be improved or decreased by the 
addition of one or more alloy elements. Thus, the corrosion behaviour of 
aluminium alloys varies with the alloy elements present in the aluminium matrix 
(38). A general summary of the alloy behaviour now follows:  
 The 1xxx wrought alloys have a very high resistance to corrosion which 
decreases with increase of the alloying content.  
 The 2xxx wrought and 2xx.x casting alloys, in which copper is the major 
alloying element, are less resistant to corrosion than other alloys. Generally, 
the resistance to corrosion decreases with increase of copper content due to 
the formation of galvanic cell generated by copper-containing particles. 
 The 3xxx wrought alloys have very high resistance to corrosion as the 
manganese particles have potentials similar to that of the solid-solution 
matrix. 
 The 4xxx wrought alloys and 3xx.x and 4xx.x casting alloys contains silicon 
particles which do not affect the corrosion resistance. Conversely for the 
3xx.x alloys, the corrosion resistance is affected adversely by the presence 
of copper. 
 The 5xxx wrought alloys and 5xx.x casting alloys have high resistance to 
corrosion. Alloys in which the magnesium is present in amounts that remain 
in solid solution or partially precipitate as Al8Mg5 are generally very 
resistant to corrosion. 
 The 6xxx wrought alloys have a moderate high strength and very good 
resistance to corrosion. The major alloying elements are silicon and 
magnesium which do not have a detrimental effect on the corrosion 
behaviour. The addition of copper is limited to small amounts, consequently 
the corrosion resistance is not decreased. 
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 The 7xxx wrought alloys and 7xx.x casting alloys, containing zinc, 
magnesium and copper that develop various level of strength and are more 
susceptible to stress-corrosion cracking. The addition of copper decreases 
the corrosion resistance but heat treatment can overcome this deterioration 
of performance. 
 
Properties of Al-Zn Alloy 
 
The addition of zinc to aluminium modifies the properties of aluminium. The 
lattice parameters decrease almost linearly to 4.018 x 10-10 m at 57% Zn. The 
increase in density is proportional to the atomic percentage of zinc. The thermal 
expansion coefficient increases with increasing zinc content. The resistivity of 
aluminium and the hardness and tensile strength increase linearly. Heat 
treatment has a little influence for zinc concentrations below 20% Zn: at 20 
%Zn, the solution treated (800 K) and naturally aged alloys have a tensile 
strength of only 40-50 MN/m
2 
 (5). 
 
The electrode potential is decreased rapidly from the normal value of -0.8 to -
0.85 V/(SCE) for aluminium to a value of -1V at 2%Zn. With further increase of 
zinc content, it decreases slowly to -1.1 V, characteristic of zinc. Segregation of 
zinc may produce variation in the potential of the order of 0.05 V from point to 
point in the same alloy (5). 
 
The Aluminium-Zinc Equilibrium Diagram 
 
The aluminium zinc equilibrium diagram is represented in Figure 2.6. The 
peritectic transformation, ZnAlAlliq .  occurs at 70%Zn and at 716 K; the 
eutectic transformation,  ZnAlAlliq .  at 94.9% Zn and at  655 K (5, 39, 
40). 
The solubility of zinc in aluminium ranges from 2.5% wt  Zn at 350 K to 70% 
Zn at 716 K. Table 2.2 shows the values of solid solubility of zinc in 
aluminium. The solid solubility of aluminium in zinc is 1.1% Al at the eutetic 
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temperature (655 K), 0.65% Al at the eutectoid temperature (548 K) and 0.42% 
Al at 500 K (5).   
 
Corrosion of Aluminium 
 
The resistance of aluminium and its alloys to corrosion depends on the 
properties of the oxide film that cover its surface. The behaviour of the oxide 
may be influenced by impurity and alloying elements and the environmental 
conditions to which it is exposed, such as temperature and humidity.  
Aluminium is attacked by different forms of corrosion, namely general 
corrosion, pitting corrosion, intergranular corrosion, exfoliation corrosion, stress 
and filiform corrosion.  
 
The addition of zinc to aluminium promotes pitting corrosion. For this reason, 
in the following paragraphs, details of the nature of pitting corrosion in 
aluminium and aluminium alloys are provided. 
 
Pitting Corrosion 
 
The most common and destructive form of corrosion in natural environments is 
that of pitting. This form of corrosion is usually unexpected and, therefore, it is 
very dangerous. 
 
Pitting occurs on metals which have a protective oxide surface film and it is 
associated with the development of cavities within the passive film.  
 
The shape of the pits varies greatly; in general, the month of the pits is circular 
and the hole is hemispherical. 
Pits usually require an initiation period that ranges from months to years before 
visible pits appear (41). This time is called induction time τ. The induction time 
depends on the nature of the passive film and on the experimental conditions.    
The concentration of Cl
- 
ions affect the induction time of pitting with the 
following equation: 
 
Chapter 2-Properties of Aluminium  
 38 
 
                                                                                    (2.9)
 
 
Where τ is the induction time, k is the reaction rate constant and [Cl-] is the 
chloride concentration in the solution. The symbol [Cl
*
] indicates the critical 
concentration of chloride anions below which pitting does not occur (41). 
After the establishment of pitting corrosion, the number of pits increases with 
the time until the surface of the metal becomes saturated with pits whose 
number reaches a limit or a threshold value (42).  
 
Aluminium pitting occurs in the range of pH that varies from 4.5 to 9; outside 
this range the corrosion is uniform (43).  Pitting corrosion is usually observed in 
presence of halide ions, although other environmental condition can lead to this 
form of corrosion, one example can be the pitting corrosion of carbon steel in 
pure water (44).  
 
However, It is generally accepted fact that pitting starts at a certain critical 
potential, known, as pitting potential (Ep). The nature of such potential, Ep, still 
remains uncertain although several explanations have been given (45, 46). 
 
The initiation rate and the rate of pitting are influenced by several factors such 
as the microstructure of the metal, the presence of inclusions in the metal 
matrix, the temperature of the environment, the pH of solution, the motion and 
the fluid dynamics of the electrolyte. For instance, the motion of the electrolyte 
prevents the accumulation of acid at the anodic area and of alkali at the cathodic 
areas; additionally the movement increases the supply of oxygen to the anode 
which enables passivation to occur (43). 
 
The influence of the temperature on the pitting corrosion of aluminium in 
chloride solution is explained in the diagram of Figure 2.7. An increase in 
temperature can affect pitting rates in two ways: a) by reducing the solubility of 
oxygen in the solution and b) by stimulating the initiation of pitting which, in 
turn, reduces the pitting rate (43). 
    *1 ClClk  

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Pitting corrosion is a complex process occurring on the surface of passivate 
metals which, for simplicity, can be divided into the following three stages: 
 
1. nucleation  
2. metastable growth 
3. stable growth  
 
The nucleation stage consists in an initial breakdown of the passive layer, 
present on the metal, followed by the formation of embryo pits. Diverse theories 
have tried to explain the mechanisms leading to the breakdown of passivity and 
a summary of these is given in the next paragraph.   
In the metastable stage, the embryo pits start growing, although, in the early 
stages of their development, most of the pits repassivate. Just few pits survive to 
develop or form stable pits. 
In the propagation stage the pit cavity grows supported by the difference in 
acidity between the anode and the cathode. Corrosion products precipitate and 
partially obstruct the cap of the pit maintaining the acidity in the pit cavity.   
This phenomenon creates a further difference between anode and cathode. Later 
in life the corrosion products fill the pit cavity  terminating  the pitting 
propagation (43). 
 
Pitting corrosion is an autocatalytic process, in which the metal produces 
conditions which are both stimulating and necessary for the continuing activity 
of the pit (47-49).  
Figure 8 shows a metal pitted in aerated sodium chloride solution. The image 
gives a representation of the anodic and cathodic reactions and the subsequent 
autocatalytic processes occurring in a corrosion pit.   
 
The anodic reaction that is given below: 
 
 
  eMM                                                                                               (2.10) 
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consists in metal dissolution and occurs at the bottom of the pits.  
Consequently, inside the pit an excess of positive charge is produced as a result 
of metal dissolution causing migration of chloride ions that moves to the bottom 
of the pits to maintain electroneutrality (50). Thus inside the pit, the 
accumulation of chloride ions stimulates metal dissolution and the accumulation 
of metallic ions together, further hydrolysis increases the hydrogen 
concentration. These phenomena prevent any further repassivation of anodic 
film. 
  
Generally, the main reactions at the cathode are the reduction of hydrogen ion, 
oxygen, or metal ion: 
 
                                                                                       (2.11) 
 
or in alkaline solutions 
 
  OHeOHO 442 22                                                                           (2.12) 
 
and in acid solutions  
 
                                                                           (2.13) 
 
In each case, the cathodic site becomes alkaline (43).  
 
In the case considered in Figure 2.8, the cathodic reaction is oxygen reduction 
that takes place on the surface adjacent to the pit as the solubility of oxygen is 
low in concentrated solutions and no oxygen reduction can occur within the pit. 
Thus, the corrosion reactions that occurs inside the pits and in the areas 
surrounding them cathodically protect the rest of the metal surface. 
 
At high current densities, intense dissolution determines an accumulation of 
corrosion products which precipitate forming a salt film. 
222 HeH 

OHeHO 22 244 

 
Chapter 2-Properties of Aluminium  
 41 
The salt film stabilizes the pit growth and changes the pit morphology from 
polygonal to hemispherical. This phenomenon starts at the bottom of the pits 
and causes an electropolishing effect.  
 
Theories of the Mechanism of Pitting Corrosion 
 
Many theories have been proposed in order to explain the mechanism of pitting 
corrosion. These can be divided in three main groups by the process leading to 
breakdown of passivity: the penetration mechanism, the film breaking 
mechanism and the adsorption mechanism. 
 
The penetration mechanism involves the migration of aggressive anions through 
the oxide film to the metal/oxide interface where they accumulate causing 
pitting corrosion (51, 52).  
 
The point defect model (PDM) developed by Macdonald et al.(53) explains 
pitting corrosion on the basis of the penetration mechanism assuming that cation 
vacancies move from the oxide/electrolyte to the metal/oxide interface where 
they accumulate forming voids that are responsible for breakdown of the oxide. 
Anion absorption into a surface oxygen vacancy causes loss of the oxygen 
vacancy and the generation of a cation vacancy/oxygen vacancy through a 
Schotty-pair type reaction. The reaction is as follow: 
 
Null = VM
χ´ 
+ x/2 VO
2- 
                                                                                 (2.14) 
 
where VM
χ´ 
are metal ions vacancies and VO
2-
 are the oxygen vacancies. The 
oxygen vacancy in turn reacts with additional at the film/solution interface to 
generate yet more cation vacancies in an autochatalitic process.  
 
Further, Macdonald et al. (51) measured the theoretical distribution functions of 
the critical potential (Vc) and the induction time (tind) for breakdown of passive 
film, observing that increased halide activity and decreasing pH give rise to 
more negative potential of Vc  and shorter  values of tind.  
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The film breaking mechanism accounts for the presence of fissures in the oxide 
film that are responsible for the breakdown of the oxide film in non-stationary 
conditions.  Changes in the solution chemical composition, sudden changes in 
the electrode potential, electrostriction cause the dissolution of the metal in 
contact with the solution. For the self-healing mechanism of the passive layer, 
the metal dissolution is temporary and has few seconds duration. 
Eventually, the presence of aggressive ions in the solution prevents 
repassivation determining the formation of pits (52).  
 
The film breaking mechanism was supported by Sato (54) for who the 
electrostriction pressure due to the high electric field (10
6 
V/cm) produces a 
compressive stress which exceeds the value of the breakdown stress of the oxide 
film. On the other hand, the surface tension stabilizes anodic oxide films, but his 
effect decreases with increasing film thickness. Thus, there is a critical thickness 
in which breakdown of the oxide film would occur.  
 
According to Gavele et al. (55), in the initial stage of pit growth localized 
acidification caused by metal ions hydrolysis in the solution inside the pit 
determines passivity breakdown. Thus, the concentrations of Me
2+
, Me(OH)
+
 
and H
+
 ions that maintain inside the pit critical local environment necessary for 
pit growth. Consequently localized acidification is maintained in the pit below a 
certain potential that is the corrosion potential, Ec
* 
, of the metal in the acidified 
solution. 
For Gavele the pitting potential is a sum of diverse contributors as in the 
following expression: 
  
Ep = Ec
*
+ η + Einh + φ                                                                               (2.15) 
 
where η is the polarization to maintain the anodic current inside the pit, Einh  is 
the potential due to the presence of inhibitors such OH- or buffer salts are 
present, φ is the  contribution due to electrical potential. 
Pistorius et al. (56) considered that localized acidification is necessary to 
maintain passivity breakdown and enable pit growth, and, therefore the 
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diffusion of the metal cations in the pit solution plays a key role in controlling 
the pit growth rate. Pistorius accounts metastable pit growth to the presence of a 
cover on the pit month which prevents cations diffusion and maintains the 
aggressive pit anolyte inside the pit.   
The transition of pit growth from metastable to stable growth occurs when the 
pit depth provide itself a sufficient diffusion barrier to cation diffusion; 
conversely, repassivation occurs when the cover is lost prematurely.  
 
The adsorption mechanism accounts for the formation of complexes at the metal 
surface, which are transferred to the electrolyte much faster than un-complexed 
ions, causing a local thinning of the passive film, and subsequent breakdown 
and formation of pits (52). 
 
Pitting Corrosion of Aluminium and its Alloys 
 
The pitting resistance of metals is strongly influenced by the metal 
microstructure, in particular, the presence of alloying elements has a significant 
effect on the mechanism of passivity and pit nucleation. For example, low 
manganese levels in steel increase the resistance to pitting corrosion (32, 43, 
57). Varies studies explain the influence of alloying element on the breakdown 
of passivity   through the proposed theories of pitting corrosion.  
 
Thus, the solute-vacancy interaction model developed (SVIM) by Macdonald et 
al  (58) takes into account  the effect of alloying elements, such as Mo and W, 
on the breakdown of the passive film.  
The SVIM proposes that the interaction between cation vacancies (VM
χ´
) and 
solute ions (A
n+
) present in the passive film is expressed by the chemical 
equilibrium: 
 
 
VM
(n-χ)+
 + q VM
χ´ 
 ↔ [AM(VM
χ´
)q]
(n-χ(I+q)]
                                                       (2.16)   
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Thus, the former chemical reaction would explain the longer induction times 
and the shift of the breakdown potential towards more positive value observed 
for the studied alloyed elements.  
 
Davis et al. (59) studied the mechanisms of passivity in Al-W alloys finding that 
the presence of tungsten in the alloy matrix enhances passivity. The 
phenomenon is explained by the solute-rich interface model (SRIM). 
 
Frankel et al. (60) explained the role of solute addition in increasing the pitting 
resistance of aluminium alloys in chloride solutions. The study concluded that 
alloying elements improve pitting resistance by affecting the ability of the metal 
to maintain inside the pit critical local environment necessary for pit growth.  
Conversely, the tendency of the metal to repassivate plays a secondary role in 
the pitting process.  
Similarly, for Muller et al.(61), the addition of alloying elements affect the 
pitting potential mainly by modifying the corrosion potential inside the pits and 
the condition necessary to maintain the localized acidification that enables pit 
growth.  
 
Surface Treatments of Aluminium 
 
The quality of an aluminium product depends on the mechanical and chemical 
surface treatments that precede the actual finish. The extent to which they are 
used depends on the initial state of the surface, the method of manufacture of 
the article concerned, and the finish required. In this section a description of 
most common surface treatments: mechanical polishing, electropolishing, 
alkaline etching is provided. 
 
Mechanical Polishing 
 
Mechanical treatments may be used for the elimination of scratches, pits or 
other superficial blemishes. This is achieved by various grinding and polishing 
operations which remove the high spots of a rough surface by a cutting action of 
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the abrasive. The sequence of operations preceding a surface finish can vary 
widely for different types of articles and for the different finishing process. The 
actual operations carried out in different processes are nearly standard, the 
procedure can be carried automatically or manually. Mechanical polishing 
provides a mirror-like surface. The final appearance obtained after mechanical 
polishing is determined by the alloy composition.  
 
Studies have revealed that the top layers of a polished surface consist of a very 
crystalline state; it has also been observed that  local temperatures as high as 
500-1000 ºC can occur during grinding and polishing (62). The condition of the 
polished surface is influenced by the material and the methods used. The 
polished surface may have different properties such as corrosion resistance from 
the bulk metal (62). Further, polishing compounds may penetrate the surface, 
with depth of penetration varying with the alloy composition and the polishing 
speed. For example Al2O3 powder is usually embedded in the polished surface, 
giving rise to a newly-introduced, major surface heterogeneity (63). 
  
Electropolishing 
 
The electropolishing of aluminium is an anodic oxidation process that has the 
effect of smoothing and brightening the surface.  During electropolishing, an 
oxide film is formed on the aluminium surface. At the same time, the outer 
surface of this oxide is dissolved in the electropolishing solution. The 
suppression of crystallographic etching can be explained by the presence of an 
oxide film that causes random attack of the metal atoms on the surface (62).  
The film formed has an hexagonal morphology similar to that observed for 
porous anodic film on aluminium (64).   
In the initial stage of the electropolishing, the thickness of the oxide film varies 
initially between the crest and valleys as precipitation products accumulate in 
the valley while the current density increases on the crest. Additionally, the 
diffusion rate differs between the crest and the valley as a consequence of 
difference in concentration gradients in the electrolyte (65). Due to these two 
phenomena, the surface smoothes and becomes shiny and bright (66).  
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The process can be operated at constant current or constant voltage. Figure 2.9 
reveals the undulating morphology of an electropolished surface. The pattern is 
dependent upon the applied voltage. A shallow surface wave structure is 
observed on the electropolished surface at voltages below 60 V. Increasing the 
electropolishing voltage increases the peak spacing until a mound like 
morphology is established (67).    
  
Usually, electropolishing is carried out in concentrated acid media, such as 
phosphoric acid, sulphuric acid and their mixtures, and also in perchloric-acetic 
acid and perchloric-ethanol mixtures(68).  
 
Relationship Between Current and Voltage 
 
The typical relationship between the current and the anode potential is shown in 
Figure 2.10. Four stages are identified: 
 stage 1: between A and B , the current increases proportionally to the 
applied voltage (etching of the aluminium occurs in this region); 
  stage 2: at B, the current is unstable and fluctuates, sometimes with an 
observable 
definite periodicity due to the periodic growth and destruction of a thin 
oxide 
film on the surface of the anode; 
 stage 3: from B to C, further increase in applied voltage is accompanied 
by little or no change in current density, (electropolishing occurs in this 
region at constant current intensity. The electropolishing has a better 
quality close to point C); 
 stage 4: further increase of the potential above C leads to a rise in current 
density associated with gas evolution; gassing defects develop on the 
surface in this region; 
 
Three reactions occur at the corresponding stages on the diagram(62): 
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stage 1                  
  eAlAl 3                                                                (2.17) 
stage 2                    eOHOAlOHAl 6362 232                               (2.18)
 
stage 3                  
  eOHOOH 424 22                                              (2.19) 
 
In the first stage, represented by A-B, metal dissolution is determined by 
concentration 
and activation polarization; the process is that of the normal anodic etching in 
which atoms are dissolved from the surface according to their free energy. As 
the potential reaches that of the oxide electrode, the anode is covered with an 
oxide film. The reaction is controlled by the film dissolution and takes place 
between the points B and C. At point C the anode potential is sufficient for 
oxygen evolution (62). 
 
 
Alkaline Etching 
 
 
Alkaline etching is widely used as a pre-treatment for aluminium surface 
cleaning prior to further treatments, such as electrograining, anodising, 
conversion coating, etc. 
Alkaline etching involves chemical dissolution of the initial alumina film over 
the surface alloy leading to a dynamic situation of film dissolution and growth, 
generating a thin residual alumina film on the surface.  
 
Aluminium dissolves in caustic soda with release of hydrogen with the 
following reactions: 
 
   242 32622 HOHAlOHOHAl 

                                              (2.20)
 
 
eventually, the solution is saturated of   4OHAl  that precipitates forming 
 3OHAl with following reaction:  
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OHOAlOHAl 2323 3)(2                                                                          (2.21)
 
 
Figure 11 shows the rate of material removal for 99.5%purity aluminium sheet 
at various temperatures, the curves refer to aluminium etched in fresh solutions 
indicating that the temperature strongly affects the etching rate.  
Under open circuit conditions, the local cathodic and anodic activities on the 
surface of aluminium result in particular surface morphologies. During etching 
and/or rinsing operations, a grey-to-black residual film is deposited on the 
freshly generated surface. This smut usually consist of hydroxides  of iron, 
silicon and copper or other alloying element constituents in the aluminium that 
forms insoluble hydroxides, for example in sodium hydroxide. A common 
desmutting practice involves the use of nitric acid solution which is able to 
eliminate this residual film. 
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Table 2.1: Diffusivity, liquid and solid solubility of some transitional metal in 
aluminium (69). 
 
Maximum equilibrium solid-solubility 
at indicate temperature 
D (cm
2
s
-1
) at 
618 K 
Liquid solubility at 
1400 K 
 wt% at%  wt% at% 
Fe 0.04 0.025 at 928 K 5.4 x 10
-14
 32 18.52 
V 0.6 0.320 at 934 K 7.4 x 10
-15
 1.6 0.85 
Zr 0.28 0.085 at 934 K 3.4 x 10
-18
 11.5 3.7 
Cr 0.77 0.40   at 934 K 1.1 x 10
-12
 15 8.4 
Ce 0.05 0.010 at 910 K 8.4 x 10
-16
 41.5 12 
Mo 0.25 0.056 at 934 K 2.4 x 10
-14
 3 0.86 
Ti 1.3 0.57   at 938 K 3.0 x 10
-16
 6.3 3.6 
 
 
 
 
 
 
 
 
 
Table 2.2: Solubility of zinc in aluminium (5). 
 
Temperature Solubility 
K F %Wt. %Al 
350 170 2.5 1.25 
400 260 6.2 2.8 
450 350 11.5 5.5 
500 440 18 8 
548 527 31.6 15.9 
600 620 43.5 24 
613 644 49 28.8 
624.5 664 61.3 38.7 
613 644 69.5 47.9 
716 829 70 49.3 
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(a) 
 
https://web.chemistry.ohio-state.edu/~woodward/ch754/fcc.gif 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
http://cnx.org/content/m23905/latest/graphics23.png 
 
 
 
Figure 2.1 FFC crystal structure of aluminium: a) three-dimensional view; b) 
top-view. 
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Figure 2.2 Al-H2O Pourbaix diagram (6) 
. 
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Figure 2.3 Ranges of aluminium hydroxide complexes in water (70). 
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( a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
Figure 2.4 Hexagonal close-packing structure of zinc a) three –dimensional 
view; b) top-view; 
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Figure 2.5 Zn-H2O Pourbaix diagram (6). 
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Figure 2.6  Aluminium-Zinc equilibrium  diagram (20). 
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( a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Influence of temperature on pitting of aluminium: a) average depth 
of pits vs. temperature; b) maximum pit depth vs. temperature (43). 
 
 
 
 
 
( b) 
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Figure 2.8 Scheme of the autocatalytic process occurring in a corrosion pit (71).  
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Figure 2.9 Schematic illustration of surface wave and mound morphologies 
which illustrates the one and two-dimensional nature of the height variation for 
these two types of morphologies (62). 
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Figure 2.10 Typical relationship between the current and the anode potential: a) 
voltage in horizontal axis; b) voltage in vertical axis (62). 
 
 
 
 
 
 
 
 
(a ) (b ) 
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Figure 2.11 Rate of etching 99.5% aluminium caustic soda (62).
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Chapter 3 
Oxides of Aluminium and Aluminium Alloys 
 
Introduction 
 
Anodic films, composed mainly of oxide, have wide application. They are used 
in decorative finishes, adhesive bonding, and electronic components, and in 
protection against corrosion. Anodic films with different properties are available 
from anodizing of alloys under diverse environmental conditions since the 
anodic film parameters can usually be controlled closely to match particular 
practical applications. 
 
In light of these considerations, knowledge of the solid-state transport 
mechanism and the chemistry and electrochemistry that regulate the phenomena 
at the metal/film and film/electrolyte interfaces plays a key role in controlling 
the properties of anodic oxides. In the past, researchers such as Young, Verwey, 
Cabrera and Mott (72)  have suggested mechanisms of oxidation.  
 
In this chapter, a description of the oxidation theory and the properties of 
aluminium oxides, oxyhydroxides and hydroxides is presented.  
 
 
Properties of Aluminium Hydroxide/Oxyhydroxides and Oxides  
 
 
The electrochemical and corrosion behaviour of aluminium depends on the 
properties of the oxide film present on the surface. The nature of this film varies 
with the environmental conditions to which the metal has been exposed.  
 
Generally the oxide layer that covers a pure aluminium surface presents flaws 
that provide paths for local electronic conduction. Further, the regions where the 
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grain boundaries intersect the surface have minor heterogeneities and are 
potential sites for the formation of residual flaws (73, 74). Indeed, even high 
purity aluminium contains impurities that are not uniformly distributed in the 
matrix; these impurities segregate into three-dimensional regions.  
 
Aluminium reacts with water producing bayerite, gibbsite and nordstrandite 
(Al(OH)3), boehmite  and diaspore (AlOOH) and corundum (Al2O3).  
 
Hart (1957) (75) found that, between 293 K and 353 K, aluminium immersed in 
water  formed an alumina film composed of different layers. The inner layer 
next to the metal is compact and amorphous with the thickness determined by 
the temperature of the environment. The outer layers are relatively thick and 
hydrated. In the second stage of oxide growth, bohemite nucleates at dislocation 
centres or “pores” on the surface of the amorphous film and, after nucleation, 
the bohemite film grows following a parabolic law.   
 
Bayerite growth commences with the hydration of aluminium ions in the 
solution adjacent to the film surface and their deposition at cathodic sites on the 
surface. The rate of this reaction is controlled by the environmental conditions, 
i.e. at temperatures above 343 K, bayerite is not developed. 
 
The composition of the films ranges from anhydrous oxide to trihydroxide. It is 
possible that more than one form co-exists on the aluminium surface and 
transformations among the different phases occur as a result of recrystallisation 
and dehydration processes.  
In this section, the different forms of aluminium oxides are considered, and their 
structure and properties described. 
 
Aluminium Trihydroxides 
 
Aluminium trihydroxides include gibbsite, bayerite and nordstrandite. All have 
lattice structures that are close to hexagonal closed packing. The aluminium 
atoms are sited between double layers AB of hydroxyl groups and are 
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positioned in octahedral holes; they occupy only two-thirds of the available sites 
and have a hexagonal distribution. The layers of the hydroxyl groups are held 
together by the dipoles between the OH
-
 groups (76).  
 
Bayerite is not easily found in nature. In this hydroxide, the layers are arranged 
in the sequence AB-AB-AB; the hydroxyl ions of the third row are sited in the 
depression between the OH
-
 positions of the second row. Neutron diffraction 
measurements of bayerite reveal that one third of the hydrogen atoms are 
located in octahedral gaps in the O layers and two-thirds are placed in the 
tetrahedral gaps between the O-Al-O sandwich (76). Bayerite has commercial 
applications mainly in the manufacture of catalysts. 
 
Gibbsite, Al(OH)3, is found in bauxites of the tropic regions of North America 
and Europe. The structure is similar to that of bayerite and consists of double 
layers of OH
-
 ions, with the hydroxyl ions in the gibbsite structure considerably 
deformed compared to that of bayerite (Figure 3.1). The sequence of gibbsite is 
AB-BA-AB-BA…..  
Gibbsite is used as an intermediate for aluminium production in the Bayer 
process; this oxide also has an application as a filler for paper, fireproofing and 
as a reinforcing agent for plastic and rubber. 
  
Nordstrandite is an aluminum tribydroxide that takes the name of the scientist 
that discovered it, Van Nordstrand. Van Nordstrand, Hettinger and Keith 
obtained this trihydroxide by precipating a gel from aluminium chloride or 
nitrate solutions with ammonium hydroxide and, in 1956, published the X-ray 
diagram of nordstrandite(70). The diffraction patterns of nostraldite differed 
from those of gibbsite and bayerite. The  sequence of the lattice structure for 
nordstrandite is  AB-AB-BA-BA…..(76). 
 
Aluminium Oxide Hydroxides 
 
The two aluminium oxide hydroxides, bohemite and diaspore differ 
significantly in their structure.  
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The structure of diaspore (Figure 3.2(a)) is hexagonal close packed and consists 
of chains of double molecules with oxygen bonds between all the oxygens (70). 
The Al-O
I
 bond has a length of 18.5 nm and is coplanar with three Al 
neighbours, while the Al-O
II
 bond has a length of 19.8 nm and forms a pyramid 
with the three adjacent Al atoms. The structure of diaspore is consistent with an 
ionic model in which the ion charges are Al
3+
, H
+
 and O
2- 
 (76). 
 
The structure of bohemite (Figure 3.2 (b)) consists of double layers in which 
oxygen atoms and hydroxyl groups are distinct. The oxygen ions are in cubic 
packing, although the entire structure is not close packed. An octahedral of 
oxygen atoms surrounds the metal atom. These layers are composed of chains 
formed by double molecules of AlOOH, which extend in the direction of the a-
axis. Hydroxyl ions of one double layer are located over the depression between 
OH
-
 ions in the adjacent layers. The double layers are linked by hydrogen bonds 
between hydroxyl ions in neighbouring planes that have a length of 27-27.1 nm 
(70, 76).  
 
Diaspore is not used commercially; on the contrary, bohemite in bauxites is 
used as raw material for the production of aluminium oxide. Synthetic, 
crystalline boehmite is a precursor for activated aluminas in the manufacture of 
catalysts and absorbents (70). 
 
Aluminium Oxide 
 
Corundum ( 32OAl ) is the only thermodynamically stable oxide of 
aluminium.  It is an amphoteric oxide which is an insoluble aqueous medium in 
the pH range of 4.5 - 8.5. Outside this range, corundum dissolves rapidly with a 
slight change in the pH conditions.  
Pure corundum is a clear mineral. Various impurities give it brown, yellow, red, 
blue and violet colours. In gem-quality stones, all of these, with the exception of 
the red coloured corundum, are called sapphire. Red corundum is called ruby.  
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Corundum has a hexagonal close-packed oxygen lattice structure with oxygen 
ions forming layers parallel to the (0001) plane. The Al
3+
 ions, of radius 0.54 
nm, are sited at the interstices between the oxygen layers that have a larger ionic 
radius (namely 13.5 nm); each Al
3+
 ion is octahedrally coordinated by six 
oxygen ions. The Al
3+
 ions occupy only two-thirds of the octahedral interstices 
and maintain charge balance (70, 77).  
 
The lattice consists of alternating layers of oxygen and aluminium ions. The 
complete stacking sequence of the layers is A-a-B-b-A-c-B-a-A-b-B-c-A, where 
A and B are oxygen layers, and a, b and c aluminium layers. Thus, the sequence 
is only reproduced after the sixth oxygen layer or after the sequence a-b-c is 
repeated twice.  
Various authors have calculated the lattice parameters of the hexagonal cell; the 
most recent measured values are 47.57 nm for a and 129.92 nm for b. The 
theoretical density calculated using these lattice parameters is 3.9851 g/cm
3
.  
 
The phases 32OAl  and 32OAl  are not found in nature, but they are 
produced by dehydration; for example, 32OAl  is produced by dehydratation 
of hydrous alumina such as the thermal transformation of bohemite to corundum 
at temperatures ranging between 723 K and 873 K. 32OAl  arises from 
decomposition of bayerite at 503 K.  They have two defective spinel structures 
and both forms have a cubic close-packed oxygen lattice. The main difference 
in the two structures is in the disorder: the 32OAl  structure has a strong one-
dimensional disorder of the cubic close-packed stacking while, for 32OAl , the 
oxygen lattice is distorted and the Al  lattice is strongly disordered (76). 
 
Corundum is an important ceramic material and it is used in the chemical 
industry (as a catalyst), in chromatography and in the abrasives industry.  
 
 
 
Chapter 3-Oxides of Aluminium and Aluminium Alloys  
 66 
Anodic Oxides Formed by Anodic Polarization of Aluminium 
 
Anodic oxide films can be produced on the aluminium surface by anodic 
polarization. The oxide properties depend upon the anodizing conditions; the 
resultant anodic oxide films have been divided into two categories; namely 
“barrier” oxides and porous films.  
The barrier films are produced in electrolytes that do not dissolve alumina while 
porous films are formed in electrolytes in which the Al2O3 oxide is sparingly 
soluble. 
 
Barrier Anodic Films 
 
Anodizing in electrolytes such as neutral boric acid solution, ammonium borate 
or tartrate aqueous solution (pH 5-7), ammonium tetraborate in glycol ethylene 
and several organic electrolytes produces barrier anodic films. 
 
For amorphous barrier-type film the main anodic reaction is: 
 
  eHOAlOHAl 6632 322
3                                                             (3.1) 
 
The ionic transport through anodic film has been studied using radioactive 
tracers, ion implantation and transmission electron microscopy (78). 
The findings revealed that the films grow by field-assisted transport of Al
3+ 
and 
O
2-
/OH
-
 ions across the film, with new film material produced at the metal/film 
interface through oxygen ion ingress and at film/electrolyte interface through 
aluminium ion egress. The cation transport number is about 0.4 for film growth 
at 100% Faradic efficiency. Figure 3.3 shows a schematic diagram representing 
the formation of anodic alumina formation at high Faradic efficiency. The 
counter migration of Al
3+
 ions and O
2-
 ions is identified through the position of 
an immobile inert marker layer.  
Foreign species are also incorporated into the growing film either from the 
electrolyte or from the substrate. Under the electric field in the film, positive 
ions move outward and negative ions move inward. There are also species 
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which are immobile (79, 80). Wood et al. (81) proposed a model for the 
incorporation of electrolyte species into anodic alumina at the film/electrolyte 
interface. 
Figure 3.4 reveals a schematic diagram illustrating the incorporation of foreign 
species, derived from electrolyte ions, into anodic alumina films formed at high 
Faradic efficiency. The model assumes that the proportion of electrolyte species 
to aluminium atoms, Nx/NAl in the whole film is independent of the Faradic 
efficiency of film growth when the species are inwardly mobile, but depends on 
the Faradic efficiency when the species are immobile or outwardly mobile. 
  
The current-time measurements of aluminium polarized anodically, under a 
costant potential, in a neutral electrolyte reveal that, after that the voltage is 
applied, the current decays exponentially to a low value. Conversely, under a 
constant current, the voltage increases with time. In the absence of chemical 
dissolution, the film thickness is a function of the applied potential. The anodic 
film thickens until the occurrence of breakdown phenomena (62).  
 
Porous-type Anodic Films 
 
Electrolytes in which the anodic oxide is slightly soluble are those electrolytes 
which produce porous-type films, with the most common being sulphuric, 
phosphoric, chromic and oxalic acids. 
The mechanism of porous film growth can be described in four stages. The 
change of voltage when anodizing at constant current or the change of current 
when anodizing at constant voltage is shown in Figure 3.5. In Figure 3.5(a), 
initially the voltage rises indicating the growth of a relatively uniform type film, 
while, in the second stage, there is a subsequent development of penetration 
paths into the alumina. In the third stage, preferred penetration paths and regions 
of disaggregated alumina develop at the film/electrolyte interface. In the final 
stage, the steady-state propagation of the pores is established (82).  
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The reaction that takes places at the metal/oxide interface is responsible for the 
film growth, while field assisted dissolution, proceeding at the pore bases, is 
responsible for the development of pores. 
The dissolution of Al2O3 occurs by field-assisted dissolution which involves the 
breaking of Al-O bonds in the lattice. The electric field pulls the Al
3+
 ions into 
solution weakening the bonds and favouring dissolution. Figure 3.6 is a 
schematic representation of the field-assisted dissolution of Al2O3. In explaining 
the mechanism of anodic alumina formation, Cabot group (83) and Thompson et 
al.(84) proposed that aluminium ions ejected at the oxide/solution interface form 
hydrated ions in solutions. Successively anodic alumina is generated by the 
deprotonation of the hydrated Al
3+ 
ions, aggregation and precipitation from the 
initially colloidal hydrous alumina.  
 
Consequently, for porous films, the current distribution is non–uniform during 
the initial stage of film growth. Shimizu et al. (85) associated this phenomenon 
with pore development. Generally, anodizing of aluminium in acid solution has 
a current efficiency considerably less that 100% (62). Thus, for anodic films 
having a Pilling-Bethwoth ratio lower than 1, local cracking due to tensile 
stresses and rapid healing of the cracks occur at pre-existing metal ridges. 
Conversely, in anodic films having a Pilling-Bethwoth higher than 1, the oxide 
film thickens non-uniformly. The previous events cause the development of 
protuberances that concentrate the current for film formation into the areas 
between the protuberances.  As the voltage increases, the protuberances become 
wider and thicker due to local cracking and healing, which results in the 
formation of pores.     
 
Recent marker studies are consistent with pore formation due mainly to flow of 
alumina from the barrier layer towards the cell walls, driven by film growth 
stresses excluding the occurrence of cracks (86, 87). This theory is counter to 
the mechanism of pore formation by field-assisted dissolution. 
 
The porous anodic film has a duplex structure, consisting of an inner compact 
layer beneath a thicker porous layer. The porous layer consists of close packed 
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hexagonal cell of size dependent on the anodizing voltage. Studies from Asoh 
(88) and Onu (89) revealed the incorporation of unoxidized aluminium into the 
oxide film and the generation of voids at the fourfold point of cell junction for 
porous films. A barrier layer is sited between the outer layer and the metal. 
The pores have a section that is approximately circular and extend from the 
surface to the barrier layer (Figure 3.7). The diameter of the cell is a function of 
the anodic voltage. Porosity is an indirect measure of the current efficiency of 
the anodic process. The larger ore size at a given cell diameter, the lower is the 
current efficiency. Pore volume and chemical composition are determined by 
the electrolyte (70). 
 
Observation of porous films in the electron microscope revealed the presence of 
opaque bands indicating the existence of cell boundaries where the cells meet. 
The former were separated from the pore by film material of a different texture. 
For electrolytes such as chromic acid, phosphoric acid, oxalic acid and sulphuric 
acid, the extent of the cell boundaries bands decreases in the order: 
  
chromic acid> phosphoric acid>oxalic acid>sulphuric acid 
 
Figure 3.8 gives a schematic representation of the structure of the film pores in 
the three electrolytes (90).  
 
Mechanisms of Ionic Transport Through Oxide Films 
 
The growth of oxide films on metal has been widely studied by various authors 
such as Young (91), Diggle (77), Vermilye and Mott (92) . The kinetics of 
growth of oxide films display a wide range of behaviour; further, the same metal 
can behave differently depending on the set of oxidation conditions. The 
systems are divided into two main groups: namely, the systems that behave like 
a valve metal and the systems that are non-valve metals.  
The valve metals such as Al, Ti, Ta, Zr, Bi, Nb and Hf and their alloys have the 
selective tendency to form a passive layer during anodic polarization precluding 
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other electrochemical reactions. A valve–metal anodic oxidation behaviour 
satisfies the following conditions (77, 91): 
 
1. The presence of a high overfield (overpotential divided by film 
thickness) for film formation of the order: 10
6
 V/cm, or higher. 
2. The formation of an oxide film of essentially fixed stochiometry and the 
exclusion of other types of reaction. 
 
The High Field Conduction Theory  
 
The thickness of the anodic film, generally 10-15 nm, does not allow quantum-
mechanical electron tunnelling. Therefore, conduction occurs through ionic 
conduction.  
The high field strength across the anodic film of more than 10
8
 V/m generates a 
thermally activated motion of ions causing ionic transport.  
 
Ionic conductivity occurs through the movement of defects in the lattice. These 
defects may be vacant anion or cation sites, interstitial anions or cations. 
 
The high field theory is based on the assumption that interstitial anions or 
cations move following a hopping mechanism within the lattice. Ions at regular 
sites or interstitial positions jump to vacancies or other interstitial positions in 
their neighbourhood (77).  
The hopping mechanism, put forward by Gutherschultze and Betz (93)(1931), 
requires an activation energy W. W increases with the jump distance a, and 
therefore, hopping will occur to neighbouring sites only. 
In amorphous materials, short-range order will guarantee an almost constant 
value of a, as in crystals (91, 94).  
Two lattice planes of intermediately stable sites at the positions x and x + a are 
assumed. The amount (in mole) of mobile species in 1 cm
2
 of the plane is na and 
na + x respectively. Using molar quantities, the amount of ions transferred in a 
time 
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interval, dn/dt , is given as the difference of the transfer rates to the left and to 
the right:   
 
pnpn
dt
nd
dt
nd
dt
dn
axx )(                                                            (3.2) 
 
which are given by the corresponding transition probabilities p and the number 
of ions in the plane. The transition probabilities are given by: 
 







RT
W
p exp                                                                                             (3.3) 
 
where ν is the attempt frequency of the ion, which is treated as a harmonic 
oscillator. The activation energy, W, is equal in both directions. When a field 
strength E is applied, the shape of the activation curve becomes asymmetrical 
and W depends on the transfer direction. The effective activation barrier is 
lowered, when the field supports the jumps: 
 
aFEWW                                                                                                (3.4) 
 
and increased in the other direction: 
 
azFEWW )1(                                                                                        (3.5) 
 
α   is a transfer coefficient which describes the symmetry of the activation 
barrier, αa defines the position of the maximum, z is the charge number of the 
mobile species and F the Faraday constant. Figure 3.9 shows the potential 
energy of mobile ions vs distance with and without an applied field. 
The number of moles in a plane of 1 cm
2
 is substituted by the concentration cx = 
nx/A, and the concentration at the position x + a may be calculated from the 
(constant) concentration gradient dc/dx: 
a
dx
dc
cc xax                                                                                                (3.6) 
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and therefore: 
 






 a
dx
dc
cpacpa
dt
dn
xx                                                                             (3.7) 
 
or 
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
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c
RT
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c
RT
W
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

1
expexpexp       (3.8) 
 
Some special cases are of interest. The first case: E = 0. Therefore, the above 
equation simplifies to: 
 
dx
dc
RT
W
a
dt
dn






 exp2                                                                                  (3.9) 
 
This corresponds to Fick’s law with a diffusion coefficient, Dd: 
                                                                                    (3.10) 
 
In the second case, the field strength is usually sufficiently high to suppress the 
effects of diffusion, consequently dcx/dt = 0. The transport dn/dt is substituted 
by the (anodic) current density i, which is much easier to measure: 
 
i=zF(dn/dt)                                                                                                     (3.11) 
 
The charge number z of the mobile ions is usually unknown and, therefore, it is 
convenient to abbreviate: 
 
czF                                                                                                          (3.12) 
 







RT
W
aDd exp
2
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where ρ is the concentration of mobile charge, dimension C cm−3. The equation 
reduces to: 
 
 
 











 













RT
azFE
RT
azFE
RT
W
ai


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expexpexp                          (3.13) 
 
For low values of E, the current, i, depends linearly on E and also on the 
potential, as far as the lattice plane spacing remains constant (Ohm’s law). The 
corresponding approximation is: 
 
 












RT
azFE
RT
W
ai

 expexp   if   1
RT
azFE
                                         (3.14)
                                          
which considers the back reaction and the influence of the concentration 
gradient to be negligible. Introducing the parameters: 
 







RT
W
aio exp                                                                                       
(3.15) 
 
and 
 
RT
azF
                                                                                                       (3.16) 
 
The equation becomes identical to the experimental dependence: 
 
                                                                                                (3.17) 
 
and may be modified to obtain a Tafel equation: 
 
Eii o  lnln                                                                                              (3.18) 
 Eii exp0
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Eii o 4343.0loglog                                                                                 (3.19) 
 
Equation (3.16), i.e.  is the so called high-field conduction 
equation. This model of a transfer between the two lattice planes is independent 
of the position within the metal/oxide/electrolyte system. The planes may 
represent the metal/oxide interface, planes at random position within the oxide 
layer, or the oxide/electrolyte interface (94, 95). 
 
The theories proposed for the high conduction field model can be classified into 
three groups according to the underlying assumptions; namely internal control, 
interface control and internal–interface control. 
 
Young made the following assumptions when considering the high field model 
(91): 
 
1) one ion and vacancy cannot block the path of another; 
2) the jumps are in the direction of the field; 
3) the activation barrier is symmetrical;  
4) ions are always deactivated after each jump; 
 
and, in subsequent studies, he found the presence of  space charge effects and 
the independence of  Tafel slope from the temperature (96, 97). Verwey 
confirmed the consideration of the mobility of Al
3+
 ions in the face-centred 
lattice of oxygen ions. He assumed that the concentration of the mobile species 
had the bulk oxide value and he did not take into account the effects due to the 
interfaces. The activation distance was expected to be one-quarter of the unit 
cell dimension of  γ΄- Al2O3. Verwey also calculated the empirical value of β in 
the equation  Eii o exp  that was of the same order as that reported by 
Güntherschulze and Betz (1934) (98, 99).  
 
 Eii exp0
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In the model proposed by Mott and Cabrera the metal/oxide interface was 
considered. The basis of the model is the quantum mechanical concept of 
electron tunnelling by which an electron can penetrate an energy barrier as soon 
as a three dimensional oxide forms on the surface. The charge separation thus 
established between the oxide surface and the metal sets up an electric field 
across the oxide. The current is correlated to the ingress of ions into the oxide 
and the net space charge is generated by the positive charge of the mobile ions 
and the negative charge of the immobile ions (52, 100). 
 
Dewald (101) extended the Mott and Cabrera theory by considering that mobile 
ions are in excess of the stoichiometric complement of metal ions. He 
introduced a new factor δ which is determined by the lattice and energy 
parameters and also by experimental conditions. The studies of Bray et al. (102) 
on tantalum are consistent with the theory proposed by Dewald.  
 
Oxidation of Aluminium Alloys 
 
The alloy composition influences the anodic film composition and the ionic 
transport for the formation of amorphous barrier films and porous anodic films. 
Various studies have proved that the presence of an alloying element in solid 
solution influences the alloy behaviour during anodic polarization. 
 
For barrier films, previous studies on Al-Ta alloys of wide concentration ranges 
of tantalum revealed that the total transport number of cations and the average 
Pilling-Bedworth ratios for the film change linearly with the alloy composition. 
In an alloy containing less than 30% tantalum, the aluminium atoms are initially 
oxidized and a tantalum enriched layer is formed at the alloy/film interface. 
Conversely, for alloys containing more than 30% tantalum, aluminium and 
tantalum are incorporated into the oxide film in the initial stage of oxidation 
(103).  
 
Additionally, during anodizing of certain binary aluminium alloys such as Al-
Li, Al-Zn and Al-Mg, the growing anodic oxide film detaches from the alloy 
 
Chapter 3-Oxides of Aluminium and Aluminium Alloys  
 76 
substrate allowing access of the electrolyte to the underlying bare metal and re-
anodizing at high current density. The poor adhesion of anodic film is 
associated with the development of voids at the alloy/film interface during the 
oxide growth due to the low Pilling Bedworth ratio of the alloying element 
oxide compared to that of alumina. After detachment, the surface exposed 
develops a fresh film that contains crystalline Al2O3 due to higher local current 
density and temperature (104-108). 
 
For the porous films, copper in solid solution generates an irregular morphology 
of pores in contrast with the linear porosity of film formed on aluminium. The 
irregular morphology is due to the generation of oxygen bubbles within the 
anodic alumina (87).  
 
Intermetallic compounds have a greater impact on the properties of anodic film 
than solid solution elements. Kobayashi et al. (109) studied the anodic 
behaviour of Al-0.5at.%Si in sulphuric acid, observing that the precipitates are 
incorporated in the anodic film generating pores. 
On the contrary, studies an Al-0.5at.%Fe alloy anodized in phosphoric acid 
revealed that during anodising, Al3Fe intermetallic particles are incorporated 
and at the same time oxidised (110). Conversely, ultramicrotomy and 
transmission electron microscopy revealed that Al6Fe anodized at 40% of the 
rate of the surrounding matrix producing an anodic film of fine pore 
morphology in the zone of influence of the intermetallic particles (62).   
 
Enrichment of Aluminium Alloys 
 
Enrichment is shown to be a common consequence of oxide growth on dilute 
binary aluminium alloys. It has a significant influence on the composition and 
morphology of the anodic film both generally and locally (111).  
The enriched alloy layers are formed by initial oxidation of aluminium atoms, 
with a resultant accumulation of the alloying element at the alloy/film interface. 
The oxidation mechanism of aluminium alloys film can be divided into two 
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stages.  In the initial stage, an essentially pure alumina film is formed, while a 
layer enriched with alloying elements is developed at the alloy film/interface.  
Subsequently, in the second stage, both atoms of aluminium and alloying 
elements are oxidized in their alloying proportions. The oxidation of both 
elements takes place in the presence of a steady-state enriched alloy layer. The 
thickness of the enriched layer remains constant during oxidation. The enriched 
layers are typically 1-5 nm thick and are located immediately beneath the anodic 
films (112, 113). A schematic diagram of the enrichment mechanism is shown 
in Figure 3.10. 
 
It has been assumed that clusters, enriched in the alloying elements, develop and 
grow within the thin layer; further, due to the presence of clusters, the alloying 
element is oxidized at discrete sites (114, 115). It is proposed that, during steady 
state oxidation, the rates of nucleation and destruction of the clusters are similar. 
This maintains the thickness of the enriched layer constant. The critical average 
composition of the enriched layer for oxidation is related to the achievement of 
certain cluster size or shape. Figure 3.11 illustrates models of development of 
copper-enriched alloy layer (113).  
 
The amount of alloying element accumulated in the enriched layer, the period of 
prior oxidation of aluminium atoms, the thickness of the enriched layer are 
influenced by the nature of the alloying element. Studies correlated the 
development of an enriched layer to the Gibbs free energy per equivalent of 
oxide formation (ΔºG/n) relative to that of alumina. Consequently, the degree of 
enrichment tends to increase as the Gibbs free energy of formation per 
equivalent of the alloying element becomes less negative than that of alumina 
(113). 
Alloying elements such as cerium, samarium, and zirconium with a Gibbs free 
energy for oxide formation per equivalent (ΔºG/n) more negative than alumina 
reveal immediate oxidation, that is associated with a Gibbs free energy of 
formation per equivalent that is similar or less negative than that of aluminium 
(112).  
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A linear relationship is suggested, which has been applied to anodizing of 
aluminium alloys containing 0.5-5 at% alloying element (Figure 3.12). The 
amount of enrichment is predicted for a large range of alloys in the range of 
10
15
-10
16
 atoms/cm
2
 and the enrichment layer is not thicker than 5 nm (112).  
 
The previous considerations suggest that enrichment should be a feature of 
anodic oxidation in other alloy systems. However, other factors such as the 
physical metallurgy of the alloys and the structure of the anodic film can play a 
key role in the development of the enriched layers as the alloying elements in 
the aluminium alloys usually have a relatively low solubility in the metal and 
the alumina is amorphous and labile under the electric field.   
 
In fact no significant enrichment of the Zr-W alloy was found following the 
growth of the anodic film. For Zr-W alloy the absence of a significantly 
enriched alloy layer beneath the anodic film is attributed to the migration of 
oxygen ions to the crystalline structure by virtually exclusive inward short-
circuit paths, in contrast to the amorphous films which develop above tungsten-
rich layers, by both cation and anion migration, in Al-W alloys (116).   
 
Additionally sputtering-deposited Ta-1.5at.%Cu alloys do not present any 
significant enrichment of copper at the alloy/film interface after anodizing 
(117). 
In ternary or higher alloys, the mechanisms of enrichment can be influenced by 
the presence of other alloying elements. The enrichment of a particular alloying 
element can be enhanced, limited, or eliminated by the enrichment of other 
alloying elements.  
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Figure 3.1 Structure of Gibbsite (70). 
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Figure 3.2 Structure of Bohemite and Diaspore (70). 
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Figure 3.3 Schematic diagrams of growth of anodic alumina at high Faradic 
efficiency. The counter migration of Al
3+
 ions and O
2-
 ions is identified through 
the position of an immobile inert marker layer (112).  
 
 
 
 
 
 
 
Figure 3.4 Schematic diagrams illustrating the incorporation of foreign species, 
derived from electrolyte ions, into anodic alumina films formed at high Faradic 
efficiency: a) the foreign species are immobile during film growth; b) the 
foreign species migrate outwards; c) the foreign species migrate inwards (112).  
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Figure 3.5 Schematic diagrams showing the development of a porous anodic 
film on aluminium under: a) constant current conditions, and b) constant voltage 
conditions (62). 
 
 
 
 
 
 
 
 
 
( a ) (  b) 
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Figure 3.6 Schematic representation of field assisted dissolution. The image 
illustrates four different stages: a) before polarization; b) after polarization; c) 
removal of Al
3+
 and O
2- 
ions; d) the remaining oxide (62). 
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Figure 3.7   Structure of a porous film on pure aluminium (70). 
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Figure 3.8 Schematic diagrams showing the plan and cross-sectional views of 
pore and its adjacent cell formed in each of the major anodizing acids: a) 
sulphuric; b) oxalic; c) phosphoric; d) chromic (62). 
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Figure 3.9 Potential energy (P.E.) of mobile ions vs distance with and without 
an applied field (91). 
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Figure 3.10 Schematic diagram of the mechanism of formation of the enriched layer: 
a) first stage; b) second stage; c) final stage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3-Oxides of Aluminium and Aluminium Alloys  
 88 
 
 
 
Figure 3.11 Linear relationship between the amount of enrichment and the 
Gibbs free energy change for oxide formation per equivalent (112).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3-Oxides of Aluminium and Aluminium Alloys  
 89 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 Schematic diagram of different model of enrichment of copper in 
aluminium copper alloys; a) enrichment of copper in solid solution, with 
enriched layer of constant thickness; b) enrichment of copper in solid solution, 
with an enriched layer that increases the thickness; c) enrichment of copper in 
copper rich-clusters, with enriched layer of constant thickness and clusters 
increasing in number; d) enrichment of copper in copper rich-clusters, with an 
enriched layer that increases the thickness and cluster increasing in number and 
in size (114). 
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Chapter 4 
Experimental Procedure 
 
Introduction 
 
This Chapter describes the experimental procedure undertaken to progress the 
research; it includes details of the alloys, the surface treatments employed and 
the testing processes and characterisation.  
 
The analyses of the specimens were carried out through complementary 
analytical techniques. Elemental depth profiling and quantification of elemental 
enrichment at the metal oxide/film interface were performed by Rutherford 
backscattering spectroscopy (RBS), medium energy ion scattering (MEIS) and 
glow discharge optical spectroscopy (GDOES). Examination of the surface 
morphologies was accomplished through the scanning electron microscopy 
(SEM) and atomic force microscope (AFM), with transmission electron 
microscopy (TEM) and associated energy dispersive X-ray (EDX) analysis were 
used to image cross sections of the surface treated specimens and to obtain an 
elemental analysis of the specimens.  
 
Materials 
 
The experimental work was carried out using binary Al-Zn alloy sheets of 1 mm 
thickness, containing 0.6, 1.0 and 1.9 at.%Zn. The alloys were supplied by 
Sumitomo Light Metal Company, with the following nominal compositions: Al-
1wt. %Zn, Al-2wt. %Zn, Al-4wt. %Zn and 0.1wt.%Fe and 0.1wt.%Si as 
impurities (Table 4.1).    
Additionally, an Al-1.1at.%Zn binary alloy, of 1 mm thickness, was employed 
to study the influence of grain orientation on enrichment and surface 
morphologies. In order to obtain sufficiently large grains, prior to surface 
treatment, the Al-1.1at.%Zn alloy were heat-treated at 653 K for 3 hours in a 
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furnace (Hotspot Gallenkamp). After cooling, the alloy was stretched in the 
range of the elastic deformation (ε = 0.02)(118), further again heat-treated at 
653 K and finally cooled to room temperature.  
 
Surface Treatments 
 
Mechanical Polishing 
 
Specimens of Al-0.6at.%Zn, Al-1at.%Zn, Al-1.9at.%Zn alloys were 
mechanically polished initially on successive grades of SiC to 1200 grit prior to 
final polishing with a 1μm diamond paste suspension. After polishing, the 
specimens were cleaned thoroughly, first with acetone, then with water in an 
ultrasonic cleaner for 15 minutes and, finally, dried in a warm air stream. This 
treatment imparted a mirror-like surface finish to the respective alloys (119). 
 
Electropolishing 
 
Electropolishing was undertaken in a perchloric acid/ethanol solution (80:20 by 
vol.) at 278 K. The electropolishing solution was prepared in the following 
manner: the perchloric acid was added slowly to ethanol, maintained at 5ºC in a 
water bath containing ice; during the addition of perchloric acid, the solution 
was stirred to avoid local heating. It is important that the preparation of the 
solution must follow appropriate safety procedures, since the addition of 
perchloric acid to ethanol results in a highly exothermic reaction. Such a 
solution becomes increasingly unstable, with the risk of explosion as the 
temperature rises above 25ºC. 
Individual specimens, of dimensions 30 × 15 mm, previously degreased with 
ethanol, were mounted in the electropolishing cell containing 1000 ml of 
electrolyte, and connected to the anode of a d.c. power supply. The cathode 
consisted of a superpure (99.99%Al) foil. Electropolishing was performed at a 
voltage of 20 V for 180 s. After electropolishing, the specimens were rinsed 
thoroughly with ethanol and subsequently with deionised water. A schematic 
diagram of the experimental set-up is shown in Figure 4.1. 
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Etching and Desmuting 
 
Alkaline etching was carried out in 0.5 M sodium hydroxide solution at 313 K 
for 300 s, and anodic alkaline etching was performed at 5 mA/cm
2
 in 0.5 M 
sodium hydroxide at room temperature for 70 s. Following these treatments, the 
specimens were desmutted for 30 s in 50% nitric acid at room temperature, 
rinsed in deionized water, and dried in a cool air stream. A schematic diagram 
of the apparatus used for alkaline etching is displayed in Figure 4.2 
 
Anodizing 
 
The Al-Zn alloys were anodized at constant current density of 5 mA/cm
2
 to 
selected voltages  in aqueous 0.1 M ammonium pentaborate solution at room 
temperature. 
A schematic diagram of the apparatus used for anodizing at constant current 
density is illustrated in Figure 4.3 
 
The positive terminal of a power supply was connected to the specimen, acting 
as anode, and the negative terminal to a cylindrical cathode (99.99%Al) of the 
anodizing cell. Anodizing was performed in a 250 ml glass beaker, placed on a 
magnetic stirrer such that the solution could be stirred constantly. Voltage-time 
responses were recorded on a PC using PICOLOG recorder program.  
Anodic films were formed on Al-1at.%Zn alloy in the rolled condition and with 
surface treatment by anodizing at a constant current density of 5 mA/cm
2
 in 
stirred, aqueous 0.1M ammonium pentaborate ([NH4]2B10O16 8H2O) electrolyte 
at 293K. A cylindrical Al sheet was used at the cathode. Specimen were 
removed immediately from the electrolyte at the termination of the film growth 
and then rinsed in deionised water before drying in a cold air stream. 
 
Open Circuit Potential Responses 
 
The corrosion potentials of the binary Al-0.6at.%Zn, Al-1at.%Zn and Al-
1.9at.%Zn  alloys in the rolled condition and after the previously described 
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surface treatments were measured 0.1 M ammonium pentaborate solution for 
durations of 12000 s. 
The measurements were performed in a 500 ml electrochemical cell, using a 
saturated calomel reference electrode (SCE) (Figure 4.4). After the 
measurements the specimens were rinsed with deionised water and dried in cold 
air stream. 
Similar measurements were also made during alkaline etching in 0.5 M NaOH 
solution for 300 s at room temperature.  
 
The data were recorded using a Solartron SI 1287 potentiostat connected to a 
computer. The program used to record the data was CorrWare 3.1. 
 
Weight Loss Measurements 
 
Weight loss data were used to calculate etching rates. The weights of the 
specimens were measured before and after the selected surface treatments, using 
an OHAUS Galaxy 160 D balance of accuracy 0.001 grams, in order to 
determine the material lost, thereby enabling calculation of the number of atoms 
removed during particular treatments. 
The etching rate was calculated using the following equation: 
                                                                                                                                                                                                                                                 
(                                                                                        (4.1) 
 
where Wi and Wf are the initial weight and the final weight, while S and τ are 
respectively the surface area of the specimen and the time of the treatment.  The 
value Wf is the weight measured after alkaline etching and successive 
desmutting. The difference between the weight measured after alkaline etching 
and the weight measured after alkaline etching and desmutting was not 
appreciable.  
The calculation was extended to all the specimens that showed enrichment. The 
number of atoms removed (N.R.) was obtained from the following expression: 
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where PM is the average molecular weight for the alloy considered and Na is the 
Avogadro’s number ( Na = 6.02 x 10
23
 [atoms/mole] ).  
 
Analytical Techniques 
 
Rutherford Backscattering Spectroscopy (RBS) 
 
The alloys were examined by Rutherford backscattering spectroscopy 
(RBS)(120) using 1.7 and 1.5 MeV He
+
 ion beams supplied by the SAFIR 
facility of the University of Paris. The beam was incident along the normal to 
the specimen surface, with scattered ions detected at 165 to the direction of the 
incident beam. The area of analysis was 1 mm
2
. Data were fitted using the 
RUMP program. The data have an accuracy of ± 5%. 
 
Medium Energy Ion Scattering (MEIS) 
The specimens were analysed using the MEIS facility at Daresbury 
Laboratory(115, 121). A 100 keV He
+ ion beam, of dimensions 1.0 mm × 0.5 
mm, was incident at 45º to the specimen surface.  The scattering angle was 90º. 
The scattered He
+
 ions were detected by a toroidal electrostatic analyser 
equipped with a two-dimensional readout microchannel plate detector, 
providing simultaneous detection of energy and angle. Data were collected at a 
range of energies and angles and the many resultant data sets were combined 
into a single, large data set. The MEIS data were interpreted with the SINMRA 
software(122). The SINMRA program measures the number of atoms in each 
layer in atoms/cm
2
. The thickness of the enriched layer was calculated for each 
specimen using the following equation:  
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    (4.3)                                              
 
where NTOT is the total number of atoms (atoms/cm
2
) , PM is the average 
molecular weight for the alloy considered, Na in the Avogadro’s number ( Na = 
6.02 x 10
23
 [atoms/mole] ) and d is the density (g/cm
3
). The data have an 
accuracy of ±10%.  
 
Glow Discharge Optical Emission Spectroscopy (GDOES) 
 
Depth profiling analysis was carried out using glow discharge optical emission 
spectroscopy (GDOES)(123). The equipment was a GD-Profiler 2 (Horiba Jobin 
Yvon) operating in the radio frequency mode at 13.56 MHz with a power of 35 
W. The argon gas pressure was 750 Pa and a 4 mm diameter copper anode was 
used. The emission responses from the excited sputtered elements were detected 
with a polychromator of focal length of 500 mm. The emission lines employed 
were 396.15 nm for aluminium, 130.21 nm for oxygen and 481.05 for zinc. 
 
Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy, with dispersive energy X-ray analysis was, 
employed to observe the surface morphologies and to determine the 
compositions of the materials analysed. 
The following equipment was used: EVO 60 Zeiss, EVO 50 Zeiss and Philips 
XL30 FEG SEM. The operating voltage was 10 kV. The EVO 50 Zeiss was 
employed to analyse the elemental composition of a range of specimens. The 
operating voltage was 20 kV and the working distance was 8.5 mm.  
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Atomic Force Microscopy (AFM) and Interferometry 
 
A detailed surface analysis of the Al-1.1at.%Zn alloy alkaline etched in 0.5 M 
sodium hydroxide solution at 313 K for 300 s was carried out through atomic 
force microscopy (AFM)  (124) 
 
The specimens were previously cleaned in an ultrasonic bath with deionised 
water for 15 minutes.  
 
The treated surfaces were examined in the tapping mode in air at room 
temperature using a Nanoscope Dimension 3100 Controller (Veeco) employing 
a n± silicon cantilever (resonant frequency 299-349 Hz and spring constant. The 
Nanoscope V530r3.sr3 program was utilized to record the data. The 
topographical information from the AFM height images was analysed by 
TalyMap Platinum metrological software.   
The orientation of the crystallographic planes revealed on the specimen surface 
after etching and showed in the atomic force micrographs were identified 
through analysis of traces present on the surface (125-127). The trace analysis 
uses a combination of standard projection and stereographic net to identify the 
crystallographic features present on the specimen surface. In this research work 
the orientation of planes causing a trace on the specimen surface were 
determined with the procedure described in the following paragraph.  
 
The surface containing a trace of a crystal plane was represented on a 
transparent sheet by a stereographic projection. Thus, the trace on the surface is 
plotted on the basic circle of the stereographic projection as the end points K 
and K´ of a diameter parallel to the trace direction. All the traces on the surface 
were similarly plotted.   
In order to identify the plane that would intersect the surface in the direction 
KK´, the transparent sheet that represents the stereographic projection was 
rotated until the two points representing the trace were superimposed to the 
North Pole (N) and South Pole (S) of the Wulff net. Any planes whose pole lies 
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on the equator of the Wulff net will intersect the surface in the direction of the 
NS axis of the net. 
 
Additionally, the height of the steps running along the grain boundaries were 
evaluated using an ADE Phase Shift MicroXam white-light interferometer, also 
equipped with the TalyMap Platinum software. 
 
Figure 4.5 gives a schematic representation of the procedure employed in the 
measurement of the step heights. In the image two grains were indentified. The 
grain called Grain 2 was the less dissolved, while the grain called Grain 1 was 
the most dissolved grain. The mean heights of two areas indicated as Area 1 for 
Grain 1 and Area 2 for Grain 2 were calculated.  The measured step height was 
the difference between the mean height of Area 2 and the mean height of Area 
1.  
 
The step height measurements were performed following these criteria:  
 
1. Area 1 and area 2 did not contain any particles or cavities that were 
observed on the surface of specimens after alkaline etching. The 
morphology of the specimens after alkaline etching will be discussed in 
Chapter 6. 
2. Area 1 and area 2 were positioned very close to the grain boundary 
analysed. 
 
Along the grain boundary three different measurements were taken in three 
diverse positions and the final value taken into consideration was an average of 
the three step heights measured.   
 
Electron Backscattered Diffraction (EBSD) 
 
Electron backscattered diffraction (EBSD) technique was employed for 
determining. the crystallographic orientation of selected specimens analysed in 
this research work (128). 
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The results presented in this doctoral theses were obtained on two Field 
Emission Gun SEMs (Philips XL30 and CAMSCANMaxim 2040SF) located in 
the Manchester Material Science Centre. The two instruments were equipped 
with a CCD camera capable of on-chip integration (NORDIF) and the 
CHANNEL EBSD system (HKL Technology, Denmark) with beam and stage 
control. The subsequent data analysis and presentation were carried out using 
VMAP software.  
 
 
Transmission Electron Microscopy (TEM) 
 
Ultramicrotomed sections were prepared in the following manner: the 
specimens were trimmed with a glass knife and the final sections, of nominal 
thickness about 15 nm, were cut using a diamond knife. A Ultracut UCT 
ultramicrotome was used for this processs(129). High resolution images of the 
sections were taken using TECNAI F30 G2 transmission subsequently electron 
microscope operating at 300 kV(130).  
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Table 4.1 Composition of the Al-1wt.%Zn, Al-2wt.%Zn and Al-4wt.%Zn alloys. 
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Figure 4.1 Schematic diagram of the experimental arrangement for the electropolishing cell. 
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Figure 4.2 Schematic diagram of the apparatus used for alkaline etching. 
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Figure 4.3 Schematic diagram of the apparatus used for anodizing at constant current. 
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Figure 4.4 Schematic diagram of the apparatus used for corrosion potential measurements. 
 
Chapter 4-Experimental procedure  
 104 
 
Grain 2 
Grain 1 
Area 2 
Area 1 
Z mean (2) – Z mean (1) = 0.733 μm  
 
Grain 1 
The measurements 
were performed 
along the mean 
height of Area 2 and 
Area 1 
Height scale 
μm 
Interferometry image 
Grain 2 
 
Step 
Grain 2 is the less 
dissolved grain-Grain 
1 is the most dissolved 
grain. 
Error: ± 50 nm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Schematic representation of the procedure employed in the measurement of the step heights.
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Chapter 5 
Influence of surface treatments on zinc 
enrichment in Al-Zn alloys 
 
Introduction 
 
The phenomenon of enrichment of alloying elements, or impurities, has been 
studied for a wide range of alloying elements such as copper, tungsten, gallium, 
lead, niobium, indium and gold in aluminium alloys (131-135). The formation 
of enriched alloy layers in aluminium alloys, associated with the oxidation of 
aluminium in the alloy, is considered to be of importance to the properties of the 
alloy/film interface since the high concentration of alloying in proximity of the 
surface may affect the alloy behaviour during dissolution and anodizing.  
 
The extent of enrichment of an alloying element is related to the Gibbs free 
energy for oxide formation per equivalent (ΔGº/n) of the alloying element 
relative to that of alumina. For alloying elements with a ΔGº/n value similar to, 
or more negative than, that for alumina, the alloying element atoms are oxidized 
at the alloy/ film interface in their alloy proportions from the commencements 
of anodizing. Conversely, alloying elements with ΔGº/n values less negative 
than that of aluminium first enrich at the alloy/film interface to a critical level 
before their oxidation proceeds, with subsequent incorporation in the anodic 
film.  
Thus, the proposed model for the enrichment assumes that, for certain alloying 
elements, the development of an alloy layer, immediately beneath the oxide 
film, sufficiently enriched in the alloying element, is an essential precursor to 
their anodic oxidation (112).  
 
Previous studies have revealed that enriched alloy layers are also developed 
during surface pre-treatments of aluminium alloys, such as chemical polishing, 
electropolishing and alkaline etching (136-138).  
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The present chapter reports the results of Rutherford backscattering 
spectroscopy (RBS), medium energy ion scattering (MEIS) and glow discharge 
optical spectroscopy (GDOES), which were employed to examine the 
enrichment levels in bulk Al-Zn alloys with different concentrations of zinc. By 
control of the surface treatment, different levels of enrichment were achieved 
depending upon parameters such as the alloy composition, amount of material 
removed during the pre-treatments and current intensity employed during 
specific treatments.  
 
Results 
 
RBS and MEIS Spectra 
 
Figures 5.1-5.5 show the RBS spectra for the Al-1.0at%Zn alloy in the rolled 
condition and following mechanical polishing, alkaline etching, anodic alkaline 
etching or electropolishing. Further, spectra for the Al-0.6at%Zn and Al-
1.9at%Zn alloys, which are similar to those of Figures 5.1-5.5, and are shown in 
Appendix A (Figures 1A-7A). The spectra reveal yields due to the bulk alloy 
components, aluminium and zinc. In addition, low signals from oxygen, due to 
the presence of thin surface alumina films, are superimposed on the yields from 
the bulk aluminium.  
 
The zinc enrichment is evident in the spectra for the alkaline etched, anodic 
alkaline etched and electropolished alloys as a peak at the high energy region of 
the spectra. In contrast, the spectra for the as-received and the mechanically 
polished alloys do not reveal zinc enrichment, with the yield for zinc being 
relatively uniform through the bulk alloy. In fact, the low number of zinc atoms 
enriched due to the formation of the air-formed film cannot be measures by the 
RBS and MEIS. 
 
The oxygen peak in each spectrum is located over the background yield from 
aluminium metal that is present beneath the alumina film on the macroscopic 
specimen surface. The magnitude of the oxygen peak reflects the thickness of 
the oxide film developed during each treatment of the specimen. The fitting of 
the spectra reveals the presence of oxide layers on the specimen surfaces, with 
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oxygen contents of  7 x 1016, 5 x 1016 and 4 x 1016 O atoms cm-2 for the 
alkaline etched, anodic alkaline etched and electropolished specimens 
respectively.  
 
Increased amounts of oxygen were detected for the mechanically polished and 
rolled surfaces, namely  1.84 x 1017 and 9.9 x 1016 O atoms cm-2 respectively, 
that indicate the presence of a layer of non-uniform thickness at the surface, or 
near surface of the specimen. On the rolled surface in particular, the local 
thicknesses has a measured value of 100 nm, probably due to the presence of 
rolled-in oxides in the near-surface layers due to thermomechanical processing. 
 
Figures 5.6 and 5.7 show the MEIS spectra for the Al-1at.%Zn alloy. Spectra 
for the Al-1.9at.% Zn and Al-0.6at.%Zn are reported in Appendix A (Figure 
8A-14A). MEIS, with greater depth sensitivity than RBS, confirmed the amount 
of zinc enrichment measured by RBS. The film thicknesses were derived from 
fits to the experimental spectra, with the assumption that the ionic density of the 
films is that of anodic alumina of density 3.1 g cm
-3
. The procedure employed to 
calculate the thickness of the zinc enriched layer is described in Chapter 4. The 
zinc enriched layers were located at the alloy/film interface, immediately 
beneath the alumina film over the macroscopic alloy surface. 
 
Table 5.1 reports the magnitude of enrichment measured by RBS and MEIS and 
the corresponding atomic percentages of zinc in layers of 5 nm thickness.  
The rolled and mechanically polished alloys do not reveal any zinc enrichment 
as a result of the roughness of the surfaces, while relatively high and low 
enrichments have been measured for the alloy after alkaline etching and the 
electropolishing treatments respectively. The numbers of zinc atoms in the 
enriched layer range between 4.2 x 10
15
 atoms cm
-2
 and 7.3 x 10
14
 atoms cm
-2
. 
In particular for Al-1at.%Zn alloy, anodic alkaline etched, the number of atoms 
oxidized calculated from Faraday’s equation was approximately 1.09 x 1018 
atoms/cm
2
. This value is greater than that measured by weight loss 
measurements. This result suggests that most of the oxidised atoms were not 
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lost in the solution, but they precipitated and accumulated on the specimen 
surface (6).  
 
Figure 5.8 shows the dependence of the zinc enrichment on the bulk alloy 
composition for the alkaline etched, anodic alkaline etched and electropolished 
treatments as determined from MEIS and RBS. For a particular alloy 
composition, the enrichments increased in the order electropolished < anodic 
alkaline etched < alkaline etched.  Further, for each treatment, the enrichment 
increased with increase of zinc content in the bulk alloy. The enrichments due to 
electrolpolishing and alkaline etching increased by a factor of about 3.2 between 
bulk alloy compositions of 0.6 and 1.9 at%Zn. The difference between the 
enrichments produced by alkaline etching and electropolishing reduced as the 
concentration of zinc in the bulk alloy increased. Thus, the enrichments of the 
alkaline etched surfaces were about 4.6, 3.2 and 2.1 times greater than for the 
electropolished surfaces for bulk compositions of  0.6, 1.0 and 1.9at%Zn 
respectively.   
 
GDOES Spectra 
 
The position of the enriched layers was identified by GDOES. The depth 
resolution of GDOES profiles is limited by surface roughness; consequently, 
only the electropolished specimens that have smooth surfaces have been 
considered. Figure 5.9 shows the profiles for the electropolished Al-1at.%Zn 
alloy. GDOES elemental depth profiles for the Al-0.6at%Zn, Al-1At.%Zn, Al-
1.9at.%Zn alloys in the rolled conditions, after mechanical polishing, alkaline 
etching and anodic alkaline etching specimens and the electropolished Al-
0.6at.%Zn, Al-1.9at.%Zn specimens are shown in Appendix A (Figures 15A-
21A). 
In Figure 5.9, the zinc profile increases a peak value while the oxygen profile 
decreases, indicating the presence of zinc enrichment in a thin alloy layer 
located at the alloy/film interface. No significant enrichments were detected for 
the iron and silicon impurities, even though both elements have G0/n values 
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for Fe2O3 and SiO2 less negative than that of alumina as probably iron and 
silicon are present as second phase material, i.e. particles or dispersoids. 
 
Transmission Electron Microscopy 
 
The enriched alloy layers associated with the Al-1.9at%Zn alloy, after alkaline 
etching and electropolishing, were examined in further detail using transmission 
electron microscopy (Figures 5.10-5.13). Bright field transmission electron 
micrographs revealed a dark layer, of thickness up to 5 nm, immediately 
beneath a 5-6 nm thick oxide/hydroxide film at the alloy surface (Figure 5.10(a) 
and 5.12(a)). High angle annular dark-field imaging and the EDX line scan 
confirmed that the layer is enriched in zinc (Figures 5.11(a,b) and Figures 
5.13(a,b)). The line scan suggested that the enrichment was located within a 
layer of 5 nm thickness located at the film/alloy interface immediately beneath 
the residual alumina film, which is in agreement with the MEIS data.  
 
Etching Rate 
 
Table 5.2 presents the rates of removal of material from the alloy surfaces for 
the anodic alkaline etching, alkaline etching and electropolishing treatments. 
The removed material was calculated from weight loss data following the 
procedure described in Chapter 4. The weight loss measurements reveal that the 
treatments removed approximately 0.4, 3.6 and 5.5 m of the alloy respectively, 
with the removed layers containing at least one order of magnitude more zinc 
than those measured in the enriched layers. The findings indicate that oxidation 
of zinc atoms took place during electropolishing, alkaline etching and anodic 
alkaline etching and, therefore, the number of zinc atoms measured in the 
enriched layers is the highest amount that can be accumulated in the enriched 
layer. 
 
Discussion 
 
The analyses of the three Al-Zn alloy compositions in the initial condition and 
following the various surface treatments reveal the following behaviour: 
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alkaline etching, anodic alkaline etching and electropolishing of solid-solution 
Al-Zn alloys lead to significant enrichments of zinc. For the as-rolled and 
mechanically polished alloy, the enrichment of zinc was too low to be resolved 
by RBS; further, the roughness of the surfaces prevented detection of the 
enrichment by MEIS, since the roughness hid the depth resolution of the 
technique. Other authors observed, after surface treatments, the presence of an 
enriched zinc layer formed directly beneath the anodic film by preferred 
oxidation of aluminium atoms (108, 139-141). 
 
The greater enrichment was produced by alkaline etching; conversely the lowest 
zinc enrichment was measured after electropoloshing; the amounts of 
enrichment after anodic alkaline etching alloys were slightly lower than those 
produced by alkaline etching. The enrichments for a given pre-treatment 
increased with increasing content of zinc in the alloy. 
 
The mechanism of enrichment of zinc during the surface treatments described 
previously is presumed to be similar to that of other alloying elements in solid 
solution in processes such as anodizing, where an amorphous anodic oxide film 
is formed on the alloy surface   by preferential oxidation of aluminium (142). 
Therefore, a zinc-free alumina film is formed on the alloy surface, while zinc 
accumulates at the film/alloy interface. When sufficient enrichment is 
accumulated, zinc oxidizes and is incorporated into the alumina film (143-146).  
Zinc is incorporated into the anodic film as Zn
2+
 ions that migrate outward 2.3 
times faster than Al
3+
 ions as previously measured (140). A scheme of the 
enrichment mechanism is showed in Figure 10 of Chapter 3. Following the 
initial oxidation of the alloying element, probably both elements aluminium and 
zinc are oxidized in their alloy proportions in the presence of a steady-state 
enriched alloy layer. 
 
Alkaline etching, electropolishing and anodizing treatments usually develop 
enriched alloy layers whenever the Gibbs free energy per equivalent for 
formation of the alloying element oxide is less negative than that for formation 
of alumina. The Gibbs free energy per equivalent for formation of the alloying 
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element oxide were 35.3 kJmol
-1
 for Zn/ZnO and 141.2 kJmol
-1
 for Al/Al2O3. 
The thermodynamic data indicate that significant enrichment of zinc should 
occur during surface treatments of Al-Zn alloys (140). 
 
The number of zinc atoms removed from the alloy surfaces for the anodic-
alkaline-etching, alkaline etching and electropolishing treatments ranges from 
1.5 x 10
16 
atoms/cm
2
 to 2.5 x 10
19
 atoms/cm
2
. For each surface treated 
specimen, the number of zinc atoms removed is higher than the number of zinc 
atoms contained in the enriched layer, indicating that during the employed 
surface-treatments the zinc atoms were oxidized.  
 
All the specimens analyzed support an oxide\hydroxide layer over the 
macroscopic alloy surfaces,  which is revealed by the amount of oxygen 
detected by RBS and MEIS. The oxide/hydroxide layers after anodic alkaline 
etching, alkaline etching and electropolishing of the Al-1at%Zn alloy were 
lower than those on the rolled and mechanically polished surface, containing  7 
x 10
16
, 5 x 10
16
 and 4 x 10
16
 O atoms cm
-2 
according to RBS. The amounts of 
oxygen are equivalent to layers of amorphous alumina, of density 3.1 g cm
-3
, of 
average thickness  15, 9 and 5 nm respectively. 
The mechanically polished surface of the Al-1at%Zn alloy revealed   9.8 x 
10
16
 O atoms cm
-2
. If the oxygen is present, formation of an air-formed film 
may enrich zinc to about 5 x 10
14
 Zn atoms cm
-2
, consistent with oxidation of 
about 8 nm of the alloy. The amount of oxygen on the rolled alloy,  1.84 x 
10
17
, was higher than associated with the mechanically polished alloy. Its 
distribution to depths from the surface of about 100 nm depth suggests 
incorporation of oxide into the near-surface regions of the alloy during sheet 
fabrication.
 
 
 
Electropolishing results in values of zinc enrichment lower than those usually 
obtained by aluminium alloys containing a similar concentration of copper 
alloys, namely 6 x 10
15 
- 7 x 10
15
 Cu atoms cm
-2
 contained  in an enriched layer 
of 2 nm thickness  for an aluminium-copper alloy with copper content in the 
bulk equal or higher than 0.4at.% (136, 138). 
 
Chapter 5-Zinc Enrichment   
 112 
The low enrichment of the electropolished Al–Zn alloys indicates that during 
electropolishing, at a certain point, the anodic film becomes detached. The 
detachment is a consequence of the Pilling Bedworth ratio of ZnO, namely 1.58, 
which is lower than that of anodic alumina, namely 1.61. The lower Pilling 
Bedworth ratio develops voids at the alloy/film interface that cause detachment 
of the anodic film (147). 
Consequently, cycles of film growth followed by detachment may be involved 
in the electropolishing process; further, after detachment of the oxide film, the 
zinc enrichment accumulated at the alloy/film interface is lost into the solution 
(141). 
The zinc enrichment following electropolishing and alkaline etching was 
located at the alloy/film interface, as is evident from the high angular dark field 
imaging and the EDX line scan (Figure 6-7). The results for the electropolished 
specimen were confirmed by the elemental depth profiling analysis (GDOES) 
(Figure 9).    
 
Similarly, low level of enrichment was developed after electropolishing of 
aluminium alloys containing gallium which is, like zinc, a low melting point 
element (131-133, 148, 149).  
 
On the other hand, alkaline etching and anodic alkaline etching developed a 
significant amount of enrichment (139). The anodic oxide was retained on the 
alloy surface during alkaline etching and anodic alkaline etching, enabling zinc 
enrichment to accumulate at the alloy/film interface as previously described.  
 
The results shown in Chapter 6 reveal that during anodic alkaline etching local 
areas of anodic film became detached,  although because of the re-growth of the 
anodic film  and the re-precipitation phenomena observed, the detachment did 
not occur over the all surface.   
 
The findings suggest that the experimental condition has an influence on the 
oxidation mechanism, and consequently it affects the number of zinc atoms 
accumulated in the enrichment layer. Further, the dissolution of zinc at low pH 
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values (up to 3) is kinetically controlled, whereas at high pH values (>11) it is 
controlled by diffusion of 

2HZnO  or  
2
2ZnO ions away from the surface (21). 
 
In the present Chapter, the average enrichments were obtained from an area 
encompassing 50 - 100 grains.  Thus, any influence of grain orientation is not 
expected to be significant with respect to the differences in enrichments for the 
various surface treatments.   
 
Conclusions 
 
Alkaline etching, anodic alkaline etching and electropolishing of the solid-
solution Al-Zn alloys containing from 0.6 to 1.9a.%Zn, led to the enrichment of 
zinc.  
 
The enrichments depended upon the selected surface treatment and the 
composition of the alloy. For a particular alloy, the enrichment increased in 
order electropolishing < anodic alkaline etching < alkaline etching. For a 
particular pre-treatment, the enrichment increased with the concentration of zinc 
in the bulk alloy. 
 
The enriched alloy layers, about 5 nm thick, were located immediately beneath 
the oxide/hydroxide films that were formed on the alloys during the surface 
treatments.  
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    Table  5.1 
Amount of zinc enrichment after different surface treatments for the Al-1.9at. %Zn, Al-
1at.%Zn and Al-0.6at. %Zn alloys.  
 
 
 
Table 5.2 
  
Amount of atoms removed and etching rate for the Al-1.9at.%Zn, Al-1at.%Zn and Al-0.6 
at.%Zn alloys after etching open circuit, etching in anodic condition and electropolishing 
 
 
 
Atomic 
percentage by 
RBS 
Surface 
treatment 
Enrichment-
RBS 
[atoms/cm
2
] 
Enrichment-
MEIS 
[atoms/cm
2
] 
Atomic 
percentage 
in the layer 
measured by 
RBS. 
Atomic 
percentage 
in the layer 
measured by 
MEIS. 
Al-1.9at.%Zn Etched 4.2 x 10
15
 4.1 x 10
15
 17.5 ≈ 18  17   
Al-1at.%Zn Etched 3.8 x 10
15
 3.9 x 10
15
 16 15 
Al-0.6at.%Zn Etched 3.4 x 10
15
 2.9 x 10
15
 14 13 
Al-1.9at.%Zn Electropolished 2.0 x 10
15
 2.4 x 10
15
 10 10 
Al-1at.%Zn Electropolished 1.2 x 10
15
 1.2 x 10
15
 5 4 
Al-0.6at.%Zn Ellectropolished 0.7 x 10
15
 ----- 3 ---- 
Al-1.9at.%Zn Anodic etching ---- ----- ---- ---- 
Al-1at.%Zn Anodic etching 2.9 x 10
15
 2.2 x 10
15
 12 9 
Al-0.6at.%Zn Anodic etching 2.5 x 10
15
 2.6 x 10
15
 10 11 
Atomic percentage 
calculated by RBS 
Surface 
treatment 
Amount of 
atoms 
removed 
[atoms/cm
2] 
Amount of zinc 
atoms removed 
[atoms/cm
2] 
Etching rate 
[ mg/cm
2
s ] 
Al-1.9at.%Zn Etched 2.2 x 10
19
 4.3 x 10
17
 6.81 x 10
-6
 
Al-1at.%Zn Etched 3.0 x  10
19
 3  x  10
17
 9.2  x 10
-6
 
Al-0.6at.%Zn Etched 3.3 x 10
19
 1.9 x 10
17
 9.98 x 10
-6
 
Al-1.9at.%Zn Electropolished 4.1 x 10
21
 2.5 x 10
19
 3.4 x 10
-5
 
Al-1at.%Zn Electropolished 3.5 x  10
21
 2.1 x  10
19
 4.6 x 10
-5
 
Al-0.6at.%Zn Electropolished 4.0 x 10
21
 2.4 x 10
19
 5  x 10
-5
 
Al-1.9at.%Zn Anodic etched 2.3 x 10
18
 1.5 x 10
16
 3.57 x 10
-7
 
Al-1at.%Zn Anodic etched 2.4 x 10
18
 2.4 x 10
16
 3.6 x 10
-7
 
Al-0.6at.%Zn Anodic etched 2.5 x 10
18
 4.4 x 10
16
 3.7 x 10
-7
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Figure 5.1 RBS spectrum using 1.7 MeV He
+
 ions of the Al-1at.%Zn alloy in 
the rolled condition.  
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Figure 5.2 RBS spectrum 1.5 MeV He
+
 ions of the Al-1at.%Zn alloy after 
mechanical polishing. 
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Figure 5.3 RBS spectra using 1.7 MeV He
+
 ions of the Al-1at.%Zn alloy after 
alkaline etching in 0.5 M NaOH at 313K for 300 s: a) full spectrum; b) 
enlargement of the area containing zinc enrichment. 
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Figure 5.4 RBS spectra using 1.7 MeV He
+
 ions of the Al-1at.%Zn alloy after 
etching under the anodic condition at 5 mA/cm
2
  in a solution of 0.5 M NaOH  
for 70 s at room temperature: a) full spectrum; b) enlargement of the area 
containing zinc enrichment. 
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Figure 5.5 RBS spectra using 1.7 MeV He
+
 ions of Al-1at.%Zn alloy after 
electropolishing at 20V in a solution of perchloric/ethanol (1:4 v/v)  for 180 s: a) 
full spectrum; b) enlargement of the area containing zinc enrichment. 
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Figure 5.6 MEIS spectrum for Al-1at.%Zn alloy after etching under open 
circuit condition at 313 K in a solution of 0.5 M NaOH  for 300 s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Energy [kV] 
Channel 
C
o
u
n
ts
 
 Al in the oxide 
 Al at the metal / oxide 
interface 
 Zn enrichment 
 Al in the bulk 
 
Chapter 5-Zinc Enrichment  
 121 
54344.txt
Simulated
Channel
2,6002,5002,4002,3002,2002,1002,0001,9001,8001,7001,6001,5001,4001,3001,2001,1001,0009008007006005004003002001000
C
o
u
n
ts
175
170
165
160
155
150
145
140
135
130
125
120
115
110
105
100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0
55 60 65 70 75 80 85 90
 Energy [keV]  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 MEIS spectrum for Al-1at.%Zn alloy after electropolishing at 20V 
in a solution of perchloric/ethanol (1:4 v/v)  for 180 s. 
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Figure 5.8 Enrichment of zinc of the binary alloys after the following 
treatments: electropolishing at 20V for 180 s in perchloric acid/ethanol (1:4 
v/v), etching in open circuit condition for 300 s in 20g/l NaOH solution, etching 
in anodic condition at 5 mA/cm
2
 for 70 s in 20 g/l NaOH solution. Errors bar of 
12%.  
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Figure 5.9 GDOES spectrum for Al-1at.% Zn alloy after electropolishing at 20 
V in a solution of perchloric/ethanol (1:4 v/v)  for 180 s. 
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Figure 5.10 Transmission electron micrograph of the ultramicrotomed section 
of Al-1.9at. %Zn alloy after etching under open circuit conditions in 0.5 M 
NaOH at 313 K for 300 s.  
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Figure 5.11 EDX analysis of the Al-1.9at. %Zn alloy etched under open circuit 
conditions in 0.5 M NaOH at 313 K for 300 s: (a) transmission electron 
micrograph of an ultramicrotomed section analyzed by EDX. The red line 
shows the area analyzed by EDX; (b) EDX profile along the red line in the 
ultramicrotomed section of the Al-1.9at. %Zn alloy etched under open circuit 
conditions in 0.5 M NaOH at 313 K for 300 s. 
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Figure 5.12 Specimen of the Al-1.9at.%Zn alloy electropolished in a solution of 
perchloric/ethanol (1:4 v/v) at 20V for 180s: (a) transmission electron 
micrograph of the ultramicrotomed section. 
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Figure 5.13 Specimen of the Al-1.9at.%Zn alloy electropolished in a solution of 
perchloric/ethanol (1:4 v/v) at 20V for 180s: (a) transmission electron 
micrograph of an ultramicrotomed section analyzed by EDX. The red line 
shows the area analyzed by EDX; (b) EDX profile along the red line in the 
ultramicrotomed section of the Al-1.9at. %Zn alloy in a solution of 
perchloric/ethanol (1:4 v/v) at 20V for 180 s.
(a) 
(b) 
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Chapter 6 
Influence of Zinc on the Surface Morphologies of 
Al-Zn Alloys 
 
Introduction 
The successful exploitation of aluminium and its alloys involves various surface 
treatments, from simple cleaning or degreasing, through etching or pickling, to 
more specialised processes, including electropolishing, brightening, etc. 
Treatments modify the surface appearance and give rise to cellular textures of 
nanoscale dimensions that are dependent upon the presence of impurities and 
the substrate composition (150, 151). Surface treatments are crucial in reducing 
corrosion susceptibility of aluminium and aluminium alloys, and in ensuring a 
reproducible response to further surface processing such as conversion coating 
and anodizing. Thus, fundamental understanding of the role of surface treatment 
in the development of surface morphologies is essential to improve the 
performance of aluminium and its alloys. 
 
Additionally, several studies have revealed that an enriched layer develops at 
the alloy/ film interface after various surface treatments of aluminium alloys 
having an alloying element with a Gibbs free energy of formation per equivalent 
of the alloying element oxide less negative than that alumina. The influence of 
surface treatments on the enrichment of aluminium-zinc alloys has been studied 
in Chapter 5, while surface morphologies of aluminium-zinc alloys after surface 
treatments, such as mechanical polishing, electropolishing, alkaline etching and 
anodic alkaline etching have been examined in this chapter in order to determine 
the influence of zinc on their development. 
  
This work involved the complementary use of selected techniques, including 
open circuit transient potential measurements during the surface treatment of the 
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binary aluminium-zinc alloys and observation of the surface using electron 
microscopes. 
  
Results 
 
Scanning Electron Microscopy (SEM) of Al-Zn Alloys  
 
Secondary electron microscopy images at different magnification reveal the 
surface appearance of the Al-1at.%Zn alloy in the rolled condition (Figure 6.1) 
and after the diverse surface treatment employed, including mechanical 
polishing (Figure 6.2), electropolishing (Figure 6.3), anodic alkaline etching 
(Figure 6.4) and alkaline etching (Figure 6.5). The secondary electron 
micrographs for the Al-0.6at.%Zn and Al-1.9at.%Zn alloys reveal similar 
appearances to the surface treated specimens of Al-1at.%Zn alloy, and are 
shown in Appendix B (Figures 1B and 2B).  
  
The scanning electron micrographs disclose the dependence of the resultant 
alloy topography on the type of surface treatment, showing that diverse surfaces 
morphologies develop after the various surface treatments. 
  
The untreated alloys revealed the typical rolled surface appearance, consisting 
of a relatively rough topography characterized, along the rolling direction, by 
ridges and troughs forming parallel ridges that are 10 µm apart and, in the 
direction perpendicular to the rolling lines, by the presence of shingles and 
transverse tearing (Figure 6.1).   
Second phase particles, of dimensions about 1 m were present on the surface. 
The composition of the second particles, determined through energy dispersive 
X-ray spectroscopy analysis and shown in Tables 6.1 and 6.2, consisted mainly 
of aluminium, iron and silicon.  The data presented in Table 6.1 and 6.2 suggest 
that the composition of the observed second phase particles is close to the FeAl3 
and All9Fe2Si2 particles that are usually reported in metallurgy handbooks (30).  
The mechanically polished surface appears relatively smooth, with the particles 
containing iron and silicon that were included in the matrix revealed by the 
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mechanical treatment. The image Figure 6.2(a) reveals particles, with 
dimensions ranging between 1 µm and 4 µm, randomly distributed on the 
treated surface that were in part abraded by the mechanical treatment. Thus, 
mechanical polishing removed the original rolled appearance, which is replaced 
by fine grooves that are along 2 µm apart over the alloy surface due to abrasion 
with the wet SiC abrasive paper at it is shown in the image at high 
magnification (Figure 6.2(b)).  
 
Electropolishing generated a relatively smooth and macroscopically flat surface 
at the magnification used (Figure 6.3). However, cavities of dimension ranging 
from 2 µm to 8 µm were randomly distributed over the surface. These features 
appeared to be formed by the preferential dissolution during the surface 
treatment of the iron and silicon-rich second phase particles that were 
completely removed by the dissolution reaction. The observed cavities have a 
diameter that is wider than the diameter of the dissolved particles; this fact is 
ascribed to the electrochemical potential difference between the second phase 
particles and the alloy matrix that may cause crevice corrosion in the areas 
surrounding the particles. 
 
The anodic alkaline etched surface (Figure 6.4) consisted of several 
hemispherical pits-like features; it is evident that fine hemispherical cavities are 
present within the larger cavities creating a surface textured surface. No grain 
boundaries were readily visible after anodic etching. 
Non-etched areas were present on the alkaline etched surface together with 
areas that contained a higher population density of pits, the former were 
elongated along the rolling direction according with previous studies (152) that 
showed the development of voids during caustic soda treatment were mainly 
located in correspondence with the rolling lines. 
 
After alkaline etching, the surface revealed a scalloped morphology that 
depended upon the particular grain observed (Figure 6.5). Particles of iron and 
aluminium were revealed by the alkaline surface treatment, with composition is 
shown in the EDX spectrum of Figure 6.6. In the centre of the low 
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magnification image (Figure 6.5(a)), a grain that has a faceted appearance it is 
observed. The present grain is surrounded by grains of diverse surface 
morphologies; some grain present a typical scalloped appearance, whereas 
others grains have a faceted appearance with step-like features. Pit-like features, 
sited mainly at the grain boundary, were present on the specimen surface.  
The image at high magnification (Figure 6.5(b)) shows a triple point, in the low 
left side of the image, a grain of relatively flat with a surface appearance, 
consisting of large cavities, is observed, while,  the rest of the image reveals two 
adjacent grain that  have similar faceted morphologies.   
The findings suggested that the final surface morphology is governed by the 
grain orientation. 
  
Potential-time Behaviour During Anodic Alkaline Etching 
 
Figure 6.7 shows the potential-time behaviour during anodic etching of Al-
1at.%Zn  alloy  in 0.5 M NaOH at 298 K for 70 s respectively. The data for Al-
0.6at.%Zn and Al-1.9at.%Zn alloys are shown in Appendix C (Figure 2C). All 
the alloys revealed similar behaviour. Initially the potential decreased for 2 
seconds to a minimum value and then increased sharply to a relatively constant 
value, but with the appearance of potential oscillations above and below the 
mean value. 
The studied alloys oscillated around the following constant values: -0.72 V, -
0.68 V and -0.74 V for zinc contents of 0.6, 1.0 and 1.9 respectively.  A similar 
behaviour was observed for pure aluminium (99.5%), although the potential 
oscillated around a mean value of 0.6 V, the previous value is lower than those 
measured for the aluminium-zinc alloys (Figure 6.8). 
 
Potential-time Behaviour During Etching in Alkaline Solution 
 
Potential-time curves were recorded during alkaline etching for the binary alloys 
in 0.5 M NaOH at 313 K for 300 s. Figure 6.9 illustrates the open circuit 
potential-time behaviour of the Al-1at.%Zn alloy. The open circuit 
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measurements for the Al-0.6at.%Zn and Al-1.9at.%Zn alloys revealed similar 
behaviour and are shown in Appendix C (Figures 1C and 2C). 
From Figure 6.8, the potential of the Al-1at.%Zn alloy decreased over 15 
seconds to a minimum value, a behaviour similar to pure aluminium, although 
the rate at which this process occurred was not as rapid as with high purity 
aluminium. This can be attributed to the filming (or re-filming after initial 
dissolution) characteristics of the alloys and to the fact that preferential 
dissolution occurred along the rolling lines favoured by the geometry and the 
presence of impurities. Subsequently the potential gradually increase to a 
relatively steady electrode potential of about -1.55 V/(SCE) after 200 s.  
 
Discussion 
 
The surface treatments determined the topography of the aluminium-zinc alloys. 
Mechanical polishing (Figure 6.2) and electropolishing (Figure 6.3) removed 
the rolled appearance produced during prior thermo-mechanical treatment, 
generating relatively flat surfaces. Conversely, anodic alkaline etching (Figure 
6.4) and alkaline etching (Figure 6.5) generated a scalloped morphology. The 
anodic etched surface revealed several cavities of diverse dimensions; 
conversely, the alkaline etched surface developed a distinct crystallographic 
appearance dependent upon grain orientation, with grains that have a scalloped 
morphology and grains that present step-features of shape determined by the 
orientation of the grain.  
 
The diverse surface morphologies developed reflect differences in the anodic 
behaviour during electropolishing, anodic alkaline etching and alkaline etching. 
In fact for their nature, all the surface treatments employed, with the exception 
of mechanical polishing, modify the surface appearance through a dissolution 
process. Additionally, zinc present in solid solution plays a key role in the 
development of the final surface morphologies which be discussed below.  
The results presented in Chapter 5 reveal that, in surface pre-treated Al-Zn 
alloys, zinc enriches at the alloy/ film interface. Thus, in Al-0.6at.%Zn, Al-
1at.%Zn and Al-1.9at.%Zn alloys electropolished, anodic alkaline etched and 
alkaline etched developed an average concentration of zinc within the enriched  
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layers that ranged from about 3 at.% Zn to about  17 at.% Zn. The highest and 
lowest enrichments were produced by alkaline etching and electropolishing 
respectively. The enrichment for a given pre-treatment increases with the 
increasing content of zinc in the alloy and varies with the surface treatment 
employed (153).  
 
The enrichment develops through preferential oxidation of aluminium atoms, 
while zinc enriches at the alloy/film interface. Thus, in the initial stage of 
oxidation, a layer of alumina is developed on the alloy surface by counter 
migration of Al
3+
 and O
2-
, while zinc is enriched at the alloy/film interface. 
Eventually, sufficient zinc is accumulated for it to be incorporated into the 
alumina film as a cation species (112). During anodizing, zinc incorporated into 
the alumina as Zn
2+
 ions migrates outward faster than Al
3+
 ions (108). Figure 
3.7 in Chapter 3 presented a schematic diagram of the enrichment mechanism 
previously described. 
 
Additionally the alloys analysed in this research work contained iron and silicon 
at impurity levels. In contrast with the strong enrichment of zinc, no enrichment 
of these elements was detected (154). This suggests that the majority of the iron 
and silicon is located in fine particulates and not in solid solution, as confirmed 
by the presence of particles of light appearance in the secondary electron images 
(Figure 6.1,6.2 and 6.5) (155). 
 
The enrichment phenomenon determines an increased concentration of zinc in 
the near-surface region. The electrochemistry of Al-Zn alloy is controlled to a 
large extent by the electrochemistry of zinc. As previous studies have revealed, 
the addition of zinc to aluminium decreases the corrosion potential, contrary to 
the behaviour in the presence of copper.   
Because zinc atoms have a high overpotential for hydrogen evolution they 
inhibit hydrogen reduction, maintaining near the surface the environmental 
condition necessary for the dissolution of the alloy (156, 157). 
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Thus, the higher concentration of zinc at the alloy/film interface enhances the 
alloy dissolution during the employed surface treatments, affecting the final 
morphologies of the surface treated specimens. 
 
After the dissolution of the air-formed film, the electropolishing of aluminium-
zinc alloys took place in two stages as follows:  
 
 an initial metal dissolution whereby the aluminium atoms are oxidised 
while zinc atoms accumulate at the surface, and, as the anode potential 
reaches that of the oxide electrode, the anode is covered with an oxide 
film.  
 a successive growth of the anodic film during which a zinc enriched 
layer is formed at the alloy/film interface following the mechanism 
previously described, and subsequently the zinc becomes oxidised. 
 
The flat appearance of the electropolished  specimen (Figure 6.3) is attributed to 
the suppression of crystallographic etching due to the presence of the oxide film 
established in the initial stage of anodizing on the surface and the smoothing 
mechanism typical of electropolishing (62).   
 
During anodic etching, a scalloped morphology developed with several pit-like 
features that formed a relatively highly rough surface (Figure 6.4). The 
anodizing conditions suggest that the dissolution proceeded through a residual 
alumina film over the alloy surface; the film formed at the alloy/film interface 
and dissolved at the film/electrolyte interface, with the film thickness being 
determined by the potential during the galvanostatic treatment. During the first 
stage stages of the process a large population density of small pits was rapidly 
produced and some of these developed into a much larger pitted region. From 
the results shown in Table 5.2 of Chapter 5, the thickness of the dissolved oxide 
is lower that the thickness of oxide calculated from Faraday’s equation.    
These values indicate that most of the metal ions oxidized during the anodic 
etching were retained on the surface, probably because after oxidation they 
saturated the solution near the surface and then they precipitated. 
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In fact for the Al-1at.%Zn, the number of atoms oxidised in a square centimetre 
corresponded to the number of atoms  contained in a thickness of approximately 
120 nm. Conversely from the etching rate measurement, in square centimetre 
the atoms lost in the solutions were contained in 0.093 nm thickness. 
 
Potential measurements during anodic alkaline etching are complementary to 
the secondary electron microscopy results.  All the potential-time measurements 
have similar shape for the Al-0.6at.%Zn, Al-1at.%Zn and Al-1.9at.%Zn alloys 
(Figure 6.7 and Appendix C). On immersion, the air-formed film covering the 
macroscopic alloy surface is dissolved in the chemically reactive hydroxide 
solution. Consequently, the increased reactivity at higher pH values results in a 
thinner film and more negative potential. Thus, on immersion the potential 
decreased until a minimum value. As the alloy oxidation started the potential 
increased sharply and successively oscillated around a constant value.  
 
The commencement of potential oscillation is associated with the start of 
detachment phenomena typical of aluminium-zinc alloys. In fact Zhou et al. 
(108) revealed that anodic film formed on aluminum-zinc alloys detaches from 
the substrate when a zinc enriched layer has been enstablished and the Zn
2+
 ions 
are incorporated in the anodic film. The detachment is associated with void 
formation at the alloy/film interface due to a reduced Pilling-Bedworth ratio for 
formation of anodic ZnO compared with that for anodic alumina. 
The oxide formed in these regions has a Pilling-Bedworth ratio of 1.58 and the 
volume of oxide formed is less than the volume of metal consumed. Thus, the 
voids developed at the alloy/film interface during the initial stage of anodizing 
function as pit embryos that subsequently merge to form a relatively rough 
surface topography. 
Additionally, the periodic oscillation of potential observed in the potential-time 
curves recorded during anodic etching is associated with phenomena of local 
detachment and film re-growth. The potential decreases as the film detaches 
from the alloy substrate until it increases again when the re-oxidation of the 
alloy starts. 
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Additionally, reduction of zinc atoms in the solution occurs, forming zinc metal 
particles that were deposited on the surface. This process is particularly 
favoured in alkaline solutions. In fact, it is likely that the activation phenomenon 
in sodium hydroxide takes place at localized surface sites which are associateted 
with zinc particles at the metal/oxide interface (158-160).  
 
Alkaline etching developed a scalloped morphology that suffered from a 
crystallographic attack. The topographical texture of the etched surface of the 
Al-1at.%Zn alloy depends significantly on the grain orientation, in contrast with 
the typical scalloped morphology observed on pure aluminium (99.99wt%) 
etched under similar experimental conditions (Figure 6.9). 
In fact the presence of zinc in the metal matrix enhanced the dissolution of the 
oxide film, reducing its thickness where electron tunneling was significant 
(161). Consequently, the dissolution of aluminium was dictated by the 
underlying grain orientation (162, 163). Additionally the presence of flaw sites 
due to impurities (155)  affected the resulting morphology as they were a 
shortcut for electron conduction (73). The influence of grain orientation on  
surface texture of pre-treated aluminium has been previously studied(164) and is 
the subject of further studies in Chapter 8 of this thesis.  
 
The potential measurements during alkaline etching (Figure 6.9) showed that for 
the initial 15 seconds the open circuit potential decreased to a minimum value, 
and, with the beginning of the alloy oxidation, the potential increased to a 
steady state value.   
On immersion, the air-formed film was dissolved by the reactive alkaline 
solution; increased reactivity at higher pH values caused thinning of the film 
and decreasing of the electrode potential towards more negative values.  
The start of the alloy oxidation caused an increase of the potential. After 180 
seconds the potential reached a steady state value, indicating that the reactions 
occurring between the anodic and cathodic areas were in equilibrium. The 
extent of chemical dissolution at the film/electrolyte interface was governed by 
the OH
-
 concentration or electrolyte pH. The dissolved ions formed hydroxide 
that precipitated on the electrode surface once the solution was saturated. 
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Conclusions 
 
Surface treatments influence the topography of Al-Zn alloys. Electropolishing 
produced a relatively flat surface. Alkaline etching resulted in a relatively rough 
surface, with crystallographic features. On the contrary, the anodic etched 
surface revealed numerous cavities due to locally increased rates of dissolution 
of the alloy surface. In the alkaline etching the presence of zinc plays a key role 
in the development of surface morphologies, enhancing film dissolution and 
favouring electron tunnelling phenomena. Consequently, the alkaline etched 
surface suffered from a crystallographic attack with some grains that presented a 
scalloped morphology and others that developed step-like features in 
correspondence with the underlying grain orientation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
Chapter 6-Surface Morphologies of Al-Zn Alloys  
 138 
 
Table 6.1 
Energy dispersive X-ray spectroscopy analysis of the compositions of the 
particles present on rolled surface specimens (Particle 1). 
 
Element Weight% Atomic% 
C 8.4 15.5 
O 20.6 28.6 
Al 62.9 51.8 
Si 2.14 1.7 
P 0.27 0.19 
Cl 0.18 0.12 
K 0.17 0.1 
Ca 0.12 0.07 
Ti 0.16 0.07 
Fe 3.69 1.47 
Zn 1 0.34 
Ag 0.28 0.06 
 
 
 
 
 
 
 
 
Table 6.2 
Energy dispersive X-ray spectroscopy analysis of the compositions of the 
particles present on rolled surface specimens (Particle 2). 
 
 
 
 
 
 
 
 
 
 
 
Element Weight % Atomic % 
C 6.42 13.7 
O 4.79 7.76 
Al 74.63 71.72 
Si 0.36 0.33 
P 0.27 0.19 
Ca 0.17 0.11 
Fe 11.5 5.33 
Zn 1.5 0.34 
Ni 0.65 0.6 
(a) 
 
 Chapter 6 –Surface Morphologies of Aluminium-Zinc Alloys 
 
 
 139 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Secondary electron micrographs at different magnifications of 
the Al-1at.%Zn alloy specimen in the rolled condition: a) low 
magnification; b) high magnification. 
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Figure 6.2 Secondary electron micrographs at different magnification of 
the Al-1at.%Zn alloy after mechanical polishing: a) low magnification; b) 
high magnification. 
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Cavity due 
to Fe/Si 
particles 
dissolution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 Secondary electron micrographs at diverse magnification of Al-
1at.%Zn alloy of the specimen electropolished at 20V in a solution of 
perchloric/ethanol (1:4 v/v)  for 180 s : a) low magnification; b) high 
magnification; 
Cavity due to the 
dissolution of Fe / Si 
(a) 
(b) 
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Figure 6.4 Secondary electron micrographs at diverse magnification 
of Al-1at.%Zn alloy of the specimen anodic alkaline etched at 5 
mA/cm
2
 in a solution of 0.5 M NaOH  for 70 s at room temperature: 
a) low magnification; b) high magnification. 
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Figure 6.5 Secondary electron micrographs at diverse magnification of 
Al-1at.%Zn alloy of the specimen specimen etched in open circuit 
condition at 313 K in a solution of 0.5 M NaOH  for 300 s: a) low 
magnification; b) high magnification 
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Figure 6.6 energy dispersive X-ray spectroscopy of a particle on the surface of 
the alkaline etched specimens. 
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Figure 6.7 Potential-time behaviour during anodic alkaline etching of Al-
1at.%Zn alloy in alkaline solution 0.5 M NaOH at T = 298 K for 70 s. 
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Figure 6.7 Potential-time behaviour during anodic alkaline etching of Al-
1at.%Zn in  0.5 M NaOH at T = 298 K for 70 s. 
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Figure 6.8 Potential-time behaviour during anodic alkaline etching of 
aluminium (99.99wt.%) in  0.5 M NaOH at T = 298 K for 70 s. 
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Figure 6.9 Open circuit potential transient following alkaline etching of 
Al-1at.%Zn alloy in 0.5 M NaOH at T = 313 K for 300 s. 
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Figure 6.10 Secondary electron micrographs of a etching of pure aluminium 
and Al-1at.%Zn alloy 
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Chapter 7 
 
Influence of Surface Treatments on 
Anodizing of Al-Zn Alloys  
 
 
Introduction 
 
A prerequisite of a protective oxide film on an alloy is good bonding of the film 
to the metal surface. Corrosion-resistant and wear-resistant anodic alumina 
(Al2O3) films, which have amorphous structures, are generally attached firmly 
to the aluminium alloy substrate. However, the anodic film formed on certain 
aluminium alloys becomes detached from the substrate during anodizing; 
subsequently, a new film grows beneath the original film when the electrolyte 
reaches the alloy substrate. Detachment of anodic film is particularly apparent 
during anodizing of certain alloys containing low melting point elements such 
as Al-Zn, Al-Ga (108, 149, 165) .  
 
The anodic behaviour of the Al-Zn alloy in ammonium pentaborate solution and 
the influence of pre-treatments on the anodizing behaviour of Al-Zn alloys have 
been examined and analysed in this Chapter. The surface treatments employed 
comprised mechanical polishing, electropolishing, alkaline etching and anodic 
alkaline etching.   
 
Results 
 
Voltage-time Response of the Al-Zn Alloy 
 
The voltage-time behaviour, which is linear during anodizing of pure 
aluminium, is a sensitive indicator of film detachment during anodizing where 
changes in the slope of the transient indicate the start of detachment. Figure 7.1 
reveals the voltage-time response for the Al-1at.%Zn alloy in rolled conditions, 
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and after various pre-treatments, during anodizing at 5 mA/cm
2
 in 0.1 M 
ammonium pentaborate to a final voltage of 200V. The specimens were surface-
treated with mechanical polishing, electropolishing, anodic alkaline etching and 
alkaline etching. Table 7.1 gives a summary of the initial slopes of the curves 
and the potential at which detachment occurs. 
 
The anodic voltage-time response of the as-rolled specimen reveals a non-linear 
increase in potential and a low anodic efficiency of 39% due to anodic oxidation 
of the relatively rough surface that contains rolling lines and impurities(152, 
166, 167). As anodizing progressed, at 63 V, a fall in voltage was observed, 
followed by a plateau region before the voltage again increased linearly with 
time at a rate of 1.03 Vs
-1
. The sudden reduction in slope suggests that film 
detachment occurred at 63 V(168, 169).  
 
The initial slope of the voltage-time responses during anodizing of the 
mechanically-polished alloy was about 1.6 Vs
-1 
that was ~ 36% lower than for  
that observed for the growth of alumina, as anodizing progresses, the slope of 
the curve varied with time. Gas evolution was observed during anodizing. 
Consequently, the reduced slopes, associated with a decreased efficiency of film 
growth, may be caused by oxygen generation at embedded silicon-carbide 
abrasive particle and increase in the surface area of the mechanically-finished 
surface (168, 169). However, as anodizing progressed, at 110 V, a sharp fall of 
voltage to 61 V was observed; subsequently, the voltage again increased linearly 
with time at a rate of 0.75 Vs
-1
.   
 
During anodizing of the electropolished specimen, the voltage increased linearly 
with time. The initial slope of about 1.6 Vs
-1
 was reduced, compared with that 
of pure aluminium, giving a decrease of 36% in efficiency of film growth 
associated with the observed gas evolution and the immediate zinc oxidation. 
The presence of the enriched layer developed during electropolishing caused the 
immediate oxidation of zinc atoms (168, 169). However, as anodizing 
progressed, the rate of voltage rise varied with time; at 80 V, a region of 
reduced slope of 0.3 Vs
-1
 which lasted for about 20s, was observed; 
 
 Chapter 7 –Anodizing of Al-Zn Alloys 
 
 
 151 
subsequently, the voltage again increased linearly with time at a rate of 2.1 Vs
-1 
until the growth rate changed to 1Vs
-1
.    
 
Anodizing of the alkaline-etched and anodic alkaline-etched specimen resulted 
in    detachment of the anodic film. The voltage increased with time. The initial 
slope was about 1.3 Vs
-1
 for both anodic alkaline-etched and alkaline-etched 
specimens, a value similar to that found for the electropolished alloy (168, 169). 
However, as the anodizing progressed, the potential increased with time, 
although the rate of voltage growth varied with time until the final growth rate 
was 1 Vs
-1
.  
 
In all the voltage-time curves in Figure 7.1, the potential, after an initial voltage 
surge of about 2 V, due to the presence of the air-formed film, increased non-
linearly with time and in the final stage of anodizing of the detachment, the 
growth rate was about 1 Vs
-1
.  
 
Scanning Electron Microscopy (SEM) of the Anodized Aluminium-Zinc Alloy 
 
Figures 7.2-7.6 present scanning electron micrographs at various magnifications 
of the solid solution Al-1at.%Zn alloy, in the rolled condition and with various 
pre-treatments after anodizing in 0.1 M ammonium pentaborate at 5 mA/cm
2
 to 
a final voltage of 200 V. Observation by scanning electron microscopy of the 
surface of the anodized specimens disclosed the influence of surface treatment 
on the anodic behaviour of the aluminium–zinc alloys.  
 
Anodizing of the specimen in the rolled condition resulted in a rough surface 
characterized by parallel ridges that are 10 µm apart. A comparison between 
Figure 7.1 of Chapter 6 and Figure 7.2 revealed that the anodizing process had 
partially flattened the typical texture of the rolled aluminium sheet, although the 
rolling lines were still present on the surface.  Areas of local detachment were 
observed. Additionally, the probable presence of voids at the alloy/film interface 
was detected using adhesive tape.  The adhesive tape was attached to the film on 
the alloy surface and then removed immediately from the surface. Examination 
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of the specimen revealed partial removal of the film from the alloy substrate in 
contrast to the absence of such film material when the same procedure was 
applied to anodized aluminium. 
 
The mechanically polished specimen had a flat appearance with areas of local 
detachment distributed across the surface (Figure 7.3(a)). The presence of large 
areas of detached film adjacent to the film cavities suggests that the detachment 
spread around the region of local detachment. 
The high magnification image (Figure 7.3(b)) shows the oxide film attached to 
the alloy substrate and the region that has suffered film detachment, together 
with the detached film residing on the alloy surface.   
 
Large areas of detached film were evident on the surface of the electropolished 
specimen. Part of the detached film was highly wrinkled because of gas 
development that was observed during anodizing (Figure 7.4(a)). Figure 7.4(b)) 
showed a higher magnification image of the electropolished Al-1at.%Zn alloy. 
The results in Table 1 revealed that the detachment of the anodic film started 
earlier for the electropolished specimen than for the mechanically polished 
specimen.  
 
The surface appearance of the alkaline-etched specimen was similar to that of 
the electropolished specimen, where relative large cavities, of a dimension 
ranging from 5 µm to 10 µm, were present on the surface (Figure 7.5).  
 
Anodizing of previously anodic alkaline-etched specimens resulted in a 
relatively rough surface decorated with uniformly distributed cavities. The 
surface did not reveal any immediate detachment of the anodic film. In order to 
determine the effect of anodic alkaline- etched surface pre-treatment on the 
adhesion of the anodic film to the alloy, an adhesive tape was attached to the 
film alloy and then removed immediately from the surface. Examination of the 
specimen revealed partial removal of the film from the alloy substrate; in 
contrast with the absence of removed material no film material was removed 
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when the same procedure was applied to anodized, unalloyed aluminium 
(Figure 7.6). 
 
Transmission Electron Microscopy of Anodized Al-Zn Alloys  
 
Figures 7.7 shows transmission electron micrograph of ultramicrotome sections 
of the anodic film formed in 0.1M ammonium pentaborate at 293 K and at 5 
mA/cm
2
 to 20V on the Al-1at.%Zn alloy alkaline etched in 0.5 M NaOH at 
313K for 300s.  During anodizing of the examined alkaline-etched specimen, 
the rate of voltage rise changed for the first time at 20V.  
The anodic film revealed in Figure 7.7(a) was similar in appearance to the 
amorphous anodic film that grew on aluminium. The undulating appearance of 
the film in the micrograph is a consequence of the initial roughness of the 
surface-treated alloys. The enrichment of zinc was not revealed due to the low 
z-contrast of the microscope used. In Figure 7.7(b) detachment of the anodic 
film was evident in correspondence of the through of the alloy substrate.  
 
Discussion 
 
Anodizing of the rolled and surface-treated aluminium-zinc alloy led to the 
detachment of the anodic film from the alloy substrate, independently of the 
surface treatment employed. In the voltage-time response curves (Figure 7.1), 
changes in slope and reduction of the overall efficiency revealed the presence of 
film detachment from the alloy substrate during anodizing. Additionally, the 
results in Table 7.1 revealed that the detachment of the anodic film started 
earlier for the specimens following surface treatments that developed zinc 
enrichment at the alloy/film interface compared with the rolled and mechanical 
polished specimens. 
 
Detachment of the anodic film during anodizing has been observed previously 
in Al-Li, Al-Mg, Al-Ga, Al-In and Al-Sn alloys (105-107, 147, 149). The 
detachment appears to be related to the reduced Pilling-Bedworth ratios of 
formation of the alloying element oxide compared with that of anodic alumina 
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as during anodizing the volume of oxide formed is less than the volume of metal 
consumed.   
The presence of voids in association with stresses from film growth caused the 
film rupture, with consequential access of the electrolyte to the alloy surface. A 
second layer of film then grew beneath the initial film (105).  Thus, at this stage 
of anodizing, the current was consumed mainly in local re-growth of film at the 
exposed sites (105, 106). 
 
The effect of surface treatment upon the detachment of the anodic film has been 
previously investigated. The studies were focused on the behaviour of an Al-Mg 
alloy and concluded that the formation of voids at the alloy film /interface was a 
consequence of the anodizing process per se, although the surface morphologies 
developed during the surface treatments employed had some influence on the 
time of the detachment (104). 
 
In contrast with the behaviour of Al-Mg alloy, for the Al-Zn alloys all the 
surface treatments employed, with the exception of mechanical polishing, 
develop enrichment at the alloy/film interface as consequence of  a less negative 
value of the Gibbs free  energy of  zinc oxide  formation compared with that of 
alumina (142). 
 
Oxidation of binary aluminium alloys with an alloying element having Gibbs 
free energy of oxide formation less negative than that of alumina involves two 
diverse stages. In the initial stage, only the aluminium atoms are oxidised and 
the formation of the anodic Al2O3 films proceeds by counter migration of Al
3+
 
and O
2-
 ions under a high electric field while the alloying element is enriched in 
a layer sited at the alloy film interface (79). Eventually, when sufficient 
enrichment is accumulated, the alloying element is oxidised. In the second 
stage, the alloying element species migrate outward in the film at a rate that may 
be faster or slower than that of Al
3+
 ions. The relative migration rate appears to 
be dependent upon the values of the single metal-oxygen bond energy for Al2O3 
and the oxide of the alloy element(112). 
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The results presented in Chapter 5 reveal that for the Al-1at.%Zn alloy,  
electropolishing, anodic alkaline-etching and alkaline-etching developed 
average concentrations of zinc within the enriched  layers that ranged from 
about 4 at.% Zn to about  15 at.% Zn in a layer of about 5 nm thickness located 
immediately below the filmed alloy surface. The highest and lowest 
enrichments were produced by alkaline-etching and electropolishing, 
respectively. Table 5.2 in Chapter 5 reveals that the number of atoms removed 
during the surface treatment was higher than the number of zinc atoms 
contained in the enriched layer. Thus, during the employed pre-treatments, zinc 
atoms were oxidized and lost in the solution (153).  
 
The developed enriched layer increases the concentration of zinc at the 
alloy/film interface, promoting the detachment of the anodic film. Zhou et 
al.(108) revealed that anodic film formed on aluminium-zinc alloys becomes 
detached from the substrate when a zinc enriched layer has been established and 
the Zn
2+
 ions are incorporated in the anodic film. In fact, the Pilling-Bedworth 
ratio for formation of anodic ZnO, namely 1.58, is lower compared with that for 
anodic alumina of value 1.61 ± 0.08 (147). Consequently, during anodizing, the 
volume of oxide formed is less than the volume of metal consumed, this causes 
voids formation and the subsequent rupture of the oxide film. 
 
In light of these considerations, the employment of surface treatments that 
develop zinc enrichment promotes earlier detachment of the anodic film since, 
during anodizing, the zinc atoms are immediately oxidised. Comparison of the 
time of first change in slope between the mechanically polished and the 
electropolished specimen, reported in Table 7.1, confirms this observation, 
although other factors such as the surface morphology and the presence of 
alumina oxide film of about 120 nm thickness on the surface influences the 
anodic behaviour of aluminium-zinc alloys.  
 
 
 
 
 
 Chapter 7 –Anodizing of Al-Zn Alloys 
 
 
 156 
Conclusions 
 
The anodizing of aluminium-zinc alloy in rolled condition and after surface 
treatment leads to the detachment of the anodic film from the alloy substrate 
independently of the surface treatment employed. Detachment of the anodic 
film starts earlier during anodizing of surface pre-treated aluminium-zinc alloys 
that develop a zinc enriched layer at the alloy/film interface. 
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Table 7.1 
 
Summary of the initial slopes of voltage-time responses and the voltage for the 
start of detachment of the anodic film for the Al-1at.%Zn alloy anodized at 5 
mA/cm
2
 in 0.1 M ammonium pentaborate electrolyte at 293 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Surface  
treatment 
Initial Slope 
(Vs
-1
) 
 Time of first 
change in slope 
(s) 
As received 0.98 20 
Mechanical polished 1.6 244 
Electropolished 1.6  70 
Alkaline etching  1.4 22 
Anodic alkaline etching  1.3 40 
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Figure 7.1 Voltage-time response of Al-1at.%Zn alloy anodized in 0.1 M 
ammonium pentaborate at 5 mA/cm
2
 until the final potential of 200V. The alloy 
before anodizing was in rolled condition and surface treated with the following 
treatments: electropolishing at 20V for 180 s in perchloric acid/ethanol (1:4 v/v), 
alkaline etching in 0.5 M NaOH solution for 300s,  anodic alkaline etching at 5 
mA/cm
2
 in 0.5 M NaOH solution for 70 s.  
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Figure 7.2 Secondary electron micrograph at different magnifications of the Al-
1at.%Zn alloy in rolled condition and anodized in 0.1M ammonium pentaborate 
at 5 mA/cm
2
 to 200V: a) low magnification; b) high magnification. 
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Figure 7.3 Secondary electron micrograph at different magnifications of Al-
1at.%Zn alloy mechanically polished and subsequently anodized in 0.1M 
ammonium pentaborate at 5 mA/cm
2
 until 200V: a) low magnification; b) high 
magnification 
 
10 μm 
( b) 
100 μm 
( a ) 
Area of local 
detachment 
Area of local 
detachment 
Anodic film 
Anodic film 
 
 Chapter 7 –Anodizing of Al-Zn Alloys 
 
 
 161 
 100 μm 
( a ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4 Secondary electron micrograph at different magnifications of the Al-
1at.%Zn alloy electropolished in at 20V for 180 s in perchloric acid/ethanol (1:4 
v/v) and anodized in 0.1M ammonium pentaborate at 5 mA/cm
2
 until 200V: a) 
low magnification; b) high magnification.
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Figure 7.5 Secondary electron micrograph at different magnifications of the Al-
1at.%Zn alloy alkaline etched in 0.5 M NaOH solution for 300s and anodized in 0.1M 
ammonium pentaborate at 5 mA/cm
2
 until 200V: a) low magnification; b) high 
magnification. 
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Figure 7.6 Secondary electron micrograph at different magnification of Al-1at.%Zn 
anodic alkaline etched etching at 5 mA/cm
2
 in 0.5 M NaOH solution for 70s and 
anodized in 0.1M ammonium pentaborate at 5 mA/cm
2
 until 200V: a) low 
magnification; b) high magnification. 
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Figure 7.7. Scanning transmission electron micrographs of Al-1at.%Zn alloy etched 
in 0.5 NaOH at 313K  for 300s and subsequently anodized in 0.1 M ammonium 
pentaborate electrolyte at 293K at 5 mA/cm
2
 to the final potential of 20V. The images 
show two diverse sites: a) site with the anodic film attached to the substrate; b) site 
with the anodic film detached from the substrate.
(b) 
(a ) 
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Chapter 8 
 
Influence of Grain Orientation on Zinc 
Enrichment and Surface Morphologies of Al-
Zn Alloys 
 
 
Introduction 
 
Surface orientation has some influence on the anodic film growth of various 
metals. A previous investigation considered the influence of the titanium 
substrate in the anodizing mechanism, in particular grain orientation, and 
revealed that within anodic titania, the grain orientation determines the rates of 
oxygen generation on different grains. Thus, anodizing of chemical polished 
titanium generated relatively rough and smooth films on basal-like and prism-
like grains respectively (170). 
Anodizing of a solid-solution Al–2wt.%Cu alloy in ammonium pentaborate 
electrolyte has been shown to develop two distinct types of amorphous film. On 
alloy grains of {100} orientation, the alumina film is of uniform thickness and 
relatively featureless. For other grains of {110} and {111} orientations, the film 
is of non-uniform thickness with occluded oxygen-filled voids (171, 172). 
Additionally, previous studies of anodized Al-1at.%Cu alloy revealed that 
copper enriches to 5.8 ×10
15
 Cu atoms cm
-2
 for bubble-free grains of 
{100}orientation, with lower levels of enrichment for other grains of different 
orientations (173).   
 Thus, barrier-type anodic film growth on Al-Cu alloys appears to reveal a 
dependence of both enrichment and film growth on the grain orientation.  
 
In the research presented in this Chapter, an Al-1.1at.%Zn binary alloy, 
previously heat treated in order to develop sufficiently large grains, following 
the procedure described in Chapter 4, was alkaline etched and then examined by 
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electron backscattering diffraction (EBSD), scanning electron microscopy 
(SEM), atomic force microscopy (AFM), Rutherford backscattering 
spectroscopy (RBS) and medium energy ion scattering (MEIS) to determine the 
effect of grain orientation on enrichment and surface morphology of the alloy.  
 
Results 
 
FEG-SEM-EBSD 
 
The computer analyses of the EBSD patterns of the individual grains are 
summarized in Table 1 and are shown in Figures 8.1-8.4. During the EBSD 
analysis and the surface examination by scanning electron microscopy, the 
samples were positioned in the chamber in such way that the rolling direction 
(RD) was aligned approximately parallel to a line drawn from the top to the 
bottom of the image. Consequently, the transverse direction (TD) was identified 
as the direction perpendicular to the rolling line and the normal direction (ND) 
as the direction normal to the plane. EBSD maps, carried out on single grains, 
determined the following orientations: (001), (225), (314) and (113).  
 
Scanning electron micrographs of the surfaces of the grains, shown in Figure 
8.5, reveal textured surfaces with topographical features resulting from the 
etching process. The features of the (001) grain surface have a non-
crystallographic scalloped appearance. The morphology of the (225) grain 
surface is scalloped, with individual scallops of diameter about 2 μm being 
elongated along two specific directions that were identified by trace analysis. 
These directions are shown in the section of this Chapter which describes the 
results obtained from trace analysis and atomic force microscopy. 
 
The scalloped features generated on (225) grains are of similar dimension of the 
order 1 m. On the surface of the (225) grain, additional to microscopic surface 
texturing, a macroscopically large pit-like area was observed (Figure 8.6). 
Conversely, the step-features of the (314) and (113) grains were evidently 
crystallographic and more elongated than those of the previous grains, with 
lengths of the order of 1 m, but with finer widths.  
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RBS 
 
The experimental and simulated RBS spectra for the (001) grain are shown in 
Figure 8.7(a). The spectra reveal signals due to the bulk alloy components 
which are aluminium, at channel numbers that range between 100 and 260, and 
zinc, at channel numbers between 260 and 400. In addition, a small signal 
indicating the presence of oxygen in the thin film of oxide/oxyhydroxide over 
the macroscopic specimen surface is also present. The oxygen signal, which is 
found at channel numbers ranging from 140 to 160, is superimposed on the 
yield from the bulk aluminium (Figure 8.7(a)). The spectra disclose enrichments 
of zinc, evident as a peak at the high energy regions of the spectra between 
channel numbers 360 and 380.  
Figure 8.7(b) shows an enlargement of the region of the spectrum that contains 
the peak due to the zinc enrichment; a low signal from tantalum evident at 
channel regions between 385 and 450 is also present. The signal is due to the 
slight overlap of the ion beam onto the tantalum covering the surrounding 
grains. The spectra for all grains were of a similar general form and are shown 
in Figure 1D-3D in Appendix D. However, the magnitude of the peak due to the 
enrichment of zinc was dependent on the grain orientation, indicating differing 
extents of enrichment on the various grains. The enrichments of the grains are 
listed in Table 2 with the highest enrichment occurring on (001) grain and 
lowest enrichment obtained on (113) grain. 
 
 
MEIS 
 
 
MEIS measurements were carried out on the (225) and (314) grains, 
representing surface morphologies with respectively equiaxed scalloped and 
elongated faceted features. Figure 8.8 shows the experimental and simulated 
spectra for the (314) grain. 
The simulation of zinc enrichment corresponded to 2.9 x 10
15
 Zn atoms cm
-2
 in 
agreement with the result from RBS. The average thickness of the enriched 
layer was 5 nm, that was calculated assuming the atomic density of the layer to 
be similar to that of aluminium, with the procedure described in Chapter 4. The 
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spectra of the (225) grain, shown in Figure 4D of Appendix D, was of the same 
general form as recorded for the (314) grain, except for an increased enrichment 
of zinc to 3.9 x 10
15
 zinc atoms cm
-2
, again in agreement with the result from 
RBS. 
 
AFM and Trace Analysis 
 
Atomic force microscopy images (Figure 8.9) confirmed the surface 
morphologies revealed by FEG-SEM. Thus, the (001) grain has a scalloped 
morphology that contrasts with the faceted appearance of the (113) and (314) 
grains. Grain (225) has an intermediate behaviour with scallops elongated 
along a specific direction of dissolution. A computer analysis of the AFM 
images calculated the average roughness (Sa), ten points height (Sz) and the 
surface area ratio (Sdr), which are listed in Table 8.1. The ten points height (Sz) 
is defined as the average height of the five highest local maxima plus the 
average height of the five lowest local minima. The surface area ratio (Sdr) is 
the ratio between the surface area (taking the z height into account) and the 
area of the flat x,y plane. 
The average roughnesses were similar for the (001), (113) and (314) grains, 
namely 51, 52 and 54 nm, and lower than that of the (225) grain, 60 nm.  
 
In this research, the traces revealed in the atomic force microscopy images of 
high index grain (225) and (314) were analysed by means of a combination of 
standard projection and stereographic net, using the procedure described in 
Chapter 4 to determine the orientation of the planes that generated the 
corresponding surface features. 
 
Thus, the high index (225) is close to the low index grain (112) with an 
examination of the (112) stereographic projection (Figure 8.10) revealing that 
the high index (225) deviates from the ND by 5° along the [ 111 ] direction.   
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For the (225) grain, crystallographic dissolution followed two prominent 
directions of dissolution in addition to scalloping and this is indicated in the 
atomic force microscopy image by white lines (Figure 8.11(a)). The image, 
coupled with the corresponding stereographic projection, disclosed that the 
scallops are elongated in the [ 111 ] and [ 111 ] directions.  
 
Additionally along the drawn lines, cross-sectional images were obtained by 
computer analysis to identify the orientation of the planes exposed during 
etching. 
 
For the [ 111 ] and [ 111 ] directions, cross sections disclosed shallow 
hemispherical scallops in a direction normal to the (001) plane and, on the 
contrary, scallops of crystallographic appearance were evident when the 
dissolution proceeded in a direction normal to the (111) plane (Figure 8.11(b)).  
Along the [ 111 ] direction, the observed facets penetrate approximately 70 nm 
into the substrate from the alloy surface, and form an angle of 30° with the 
original (225) plane at the aluminium surface. The value of the angle between 
the (225) plane and the (111) plane is 25°, close to the angle measured in Figure 
8.11(b). Consequently, it is concluded that the facets display (111) faces. 
Thus, dissolution of the alloy along the [ 111 ] and [ 111 ] directions exposed 
the (111) and (001) planes. 
  
Along directions [ 120 ] and [ 120 ], what are perpendicular to the 
crystallographic edges of the scallops height profiles were taken. For direction [
120 ], facets were observed which had a height of approximately 100 nm and 
intersected the grain surface at angles of 36° (Figure 8.11(c)).  
Conversely for direction [ 120 ], the facets penetrated approximately 60 nm from 
the macroscopic surface and intersected the grain surface at angles of 31° 
(Figure 11(d)).  
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The measured angles are close to the value of the angle between the (225) plane 
and the (312) and (132) planes: that is, 33.18º. This observation suggests that 
etching may have exposed such planes.  
In summary, the dissolution along the <110> direction exposed the (111) planes 
and faceted steps generated from the loss of atoms in the solution revealed the 
(123) and (312) planes.  
 
Further analyses were taken upon the atomic force microscopy image of the 
(314) grain. Figure 8.12 shows the (314) stereographic projection. During the 
acquisition of the atomic force microscopy, the specimen was rotated 7º 
clockwise from the position hold during the EBSD analysis. 
A white lines drawn in the atomic force microscopy images of the (314) grain 
represent the prominent direction of dissolution, showing that the dissolution 
proceeds along the [ 319 ] (Figure 8.13(a)).  
 
Cross-sectional image obtained by a computer analysis showed height profiles 
along the [ 319 ] direction revealing step-like features that had an average height 
of 220 nm, the angle that the crystallographic edge intersect the grain surface is 
at angle of 17º which is close to the value of the angle between the (314) plane 
and the (111) plane, that is 16º (Figure 8.13 (b)). The finding suggests that the 
dissolution during etching has exposed planes of orientation (111)  
 
Additional cross section image generated height profiles in directions 
perpendicular to the crystallographic edges of the step that intersected the grain 
surface at angles of 20º  along the direction [ 538 ] (Figure 13 (c)). The measured 
values are close to the value of the angle between the (314) plane and the planes 
(111). This observation suggests that etching may have exposed such plane.  
 
 Interferometry 
 
The height of steps running along the grain boundaries were measured using an 
interferometer with the procedure described in Chapter 4. The obtained data are 
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summarised in Table 3, while Appendix E shows the representation of the grain 
orientations in the inverse pole figures.  
The step measurements allow comparison of the relative rates of dissolution. 
The data revealed that the grains having orientation close to the (111) 
orientation receded faster and the dissolution rates of the low index grains (111), 
(110) and (100) low index grains decreased in the order (111) > (110) > (001). 
The results showed that the (123)  grain displayed the least recession.  
 
 
Discussion 
 
 
Dissolution of Al-Zn Alloys 
 
This research reveals that the etching rate is dependent upon the grain 
orientation; with the highest dissolution rate observed for grains having 
orientations of, or being close to the (111) orientation and the lowest dissolution 
rate is observed for grains oriented in the (123) direction.  
Additionally the topographical texture of the surface of the Al-1.1at.%Zn alloy, 
etched in 0.5 M NaOH solution at 313K for 300 s, depends significantly on the 
grain orientation. Thus, the topographical texture of grain surfaces reveals 
crystallographic features,  most noticeably for the (113), (314) grains that have a 
faceted appearance and the (225) grain which has a scalloped morphology with 
only one side of the scallop dissolving crystallographically in two prominent 
directions. A scalloped morphology was evident on the (001) grain. 
 
The former observation for the aluminium-zinc alloy is supported by similarities 
with studies on etching of high purity aluminium at an elevated temperature of 
353 K. In this research on pure aluminium, the grains analysed had orientations 
of (119), (225) and (334) and the etching rates differed on grains of different 
orientation. Fastest etching occurred on the grain having orientation close to the 
grains of (111) orientation. Further, the etching developed crystallographic 
features on the grain surfaces, with the appearance dependent on grain 
orientation.  Thus, faceted features, observed on (334) grain, were related to 
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directional dissolution of aluminium, preferentially exposing low energy (111) 
planes. 
In contrast, crystallographic features were relatively absent on the (119) grain, 
which revealed a scalloped appearance. An intermediate behaviour was 
observed along the direction of dissolution for the (225) grain, with shallow 
hemispherical scallops in a direction normal to the (001) plane and 
crystallographic facets in a direction normal to the (111) plane(174). 
 
Thus, the development of crystallographic surface features suggested that 
etching of pure aluminium occurs on a film-free aluminium surface or on a 
surface that supports an oxide film of reduced thickness which favours electron 
tunnelling phenomena.  
In fact the development of a thick oxide film on the surface determines an 
uniform field strength across the film, that limits the preferential oxidation of 
aluminium atoms. In other word, for bare surfaces; the dissolution proceeds in 
an ordered, crystallographic manner whereas, for film surface, the dissolution is 
more random and controlled by through-film dissolution.  
 
Etching of 99.99wt% aluminium, in the experimental condition employed in the 
present research studies, develops a coarse scalloped morphology in contrast 
with the crystallographic appearance observed in the Al-1.1at.%Zn alloy that is 
shown in Figure 4 of Chapter 6. 
The average dissolution rate of the aluminium specimen was 2.4 x 10
17
  atoms 
cm
-2
 equivalent to an average surface recession of about 0.4 μm.  
This observation suggests that the presence of zinc atoms in the alloy matrix 
enhanced the alloy dissolution at the film/electrolyte interface, thinning the 
oxide film and favouring electron tunnelling phenomena. Consequently, the 
dissolution is dominated by the surface orientation of the underlying material.  
 
The presence of the enriched layer measured by RBS, and MEIS reveals that an 
oxide anodic film is present on the alloy surface after etching. In summary, the 
crystallographic appearance of the surface suggest that for Al-Zn alloy used 
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here, the film present during etching is very thin or is removed. For film of 
reduced thickness,  
the cathodic reaction  is supported by means of electron tunnelling.  
Additionally, the crystallographic dissolution of the aluminium-zinc alloy 
suggests that the nature of the zinc enriched layer differs from the clustered 
structure of the copper enriched layer (114, 115). 
In the experimental condition employed the mechanism of dissolution of 
aluminium-zinc alloy resembles the process of dissolution of pure aluminium 
etched at high temperature which was 353 K. 
In both the materials, the surface appearances that resulted as a consequence of 
the dissolution were regulated by the thermodynamics of the interface, i.e. by 
variations in surface free energies related to the surface atom densities. 
Thermodynamically any system tends to a minimum free surface energy (175).   
The findings suggest that the resistance of planes towards dissolution varies 
with the grain orientation and has similarities with studies on pure aluminium 
single crystal surfaces (176). For pure aluminium single-crystal surfaces, the 
surface energy of the low index grain surface differs by 15 μJcm-2 in the order 
(100)≈(110)>(111) (176). Consequently, the macroscopic dissolution rate of the 
high index plane depends on the orientation with respect to the {111} planes. 
The closer the high index plane orientation to the {111} planes, the faster it will 
recede or dissolve.  
 
The terrace-ledge-kink (TLK) model assumes that the surface energy is obtained 
from the sum of different terms which are: the energy of the low index plane 0 ,   
the ledge energy per unit length of ledge   and, in certain surfaces, a term 
associated to the kinks in the ledges. For a surface composed of steps, or ledge 
of height a  and with a mean separation in the complex surface, l (177), the 
surface energy   is given by the following equation: 
 
al oo /sincos/cos    
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Thus, surfaces of orientations close to that of a low index plane transform to a 
series 
of terraces or facets of the low index orientation; the step density in the terraced 
structure is determined by the deviation q of the normal surface from that of the 
low index plane (177). The TLK model of atomistic surface reconstruction is 
relevant to the directional aluminium dissolution by alkaline etching (174).  
Thus, in the absence of an alumina film, or in the presence of a very thin anodic 
film that enables electron tunnelling phenomena , the original high-index grain 
reconstructs to a series of low-energy facets of (111) orientation by the 
controlled removal of aluminium atoms from the surface in the reactive etching 
solution (174).  
 
In summary, these results reveal that both aluminium-zinc alloys and pure 
aluminium having a film free surface or supporting a very thin oxide on the 
surface during etching dissolve with the same dissolution mechanism. Thus, the 
presence of zinc in the alloy matrix does not influence the mechanism of 
dissolution of aluminium-zinc alloy which is mainly controlled by the surface 
thermodynamic.   
 
 
Influence of Grain Orientation on Zinc Enrichment 
 
 
The etching process results in enrichment of zinc in the alloy, with the amount 
of enriched zinc increasing in order of grain orientations (113), (314), (225) and 
(001). Additionally, the (225) grain undergoes activation in alkaline solution 
that was indicated by the presence of a large pit-like area on the surface of the 
(225) grain only. Activation of the grain may alter the Zn enrichment of zinc 
measured, since additional zinc may be present on the surface due to the high 
localised dissolution rate of aluminium. The maximum level of enrichment of 
3.9 x 10
15 
zinc atoms cm
-2
 corresponds to an average concentration of zinc of 
about 13 at.% in the enriched layer, assuming that the enriched layer is about 5 
nm thick, as determined by MEIS.   
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Recent investigations (153) revealed that alkaline etching, carried out under the 
same experimental conditions employed in this research, developed in Al-
1at.%Zn alloy an enriched layer 3.8 ×10
15 
of zinc atoms cm
-2
.  The obtained 
value averaged the enrichment present in 50-100 grains which were contained in 
the analysed area. Consequently, the influence of grain orientation on the zinc 
enrichment was not appreciable.  
 
During the initial stage of the oxidation of binary Al-Zn alloys, the alumina is 
formed by the counter migration of Al
3+
 and O
2-
 ions that react at the 
film/electrolyte interface and at the alloy/film interface respectively, developing 
alumina. At the same time the zinc atoms are accumulated in a layer 
immediately beneath the anodic film. Thus, prior to sufficient enrichment of the 
alloying element, only aluminium atoms are oxidized.  
When the zinc enriched layer is sufficiently enriched, the zinc atoms are 
oxidised and, subsequently, are incorporated into the anodic film as Zn
2+
 ions 
(178). The Zn
2+
 ions migrate outward in the film faster than Al
3+
 ions, such that 
the oxide is depleted in zinc relative to the concentration of zinc in the bulk 
(108, 112).  
 
The etching of the alloy removes several microns of material from the alloy 
surface, with the removed layers containing an amount of zinc greatly in excess 
of the amounts in the enriched layers, namely 2.4 x 10
17
 atoms cm
-2
 removed by 
etching. Thus, the enrichments are considered to represent the steady levels 
achieved, when the average concentration of zinc is maintained by a balance 
between any addition of zinc to the enriched layer due to progressive oxidation 
of the alloy and any loss of zinc from the enriched layer by incorporation into 
the film or release to the etching solution. 
 
The dependence of the oxidation mechanisms on grain orientation is associated 
with differences in the crystallographic structure of the (111), (110) and (001) 
surfaces. The (111) surface is the most densely packed crystal face while the 
(001) surface has the least packed surface, with a four-fold site free for atom 
adsorption. 
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In previous studies on aluminium, single crystal revealed, by measurements by 
Auger electron spectroscopy, that the oxygen atoms absorb readily on (001) 
surfaces oriented where the oxygen atoms clusters into islands of thin oxide; on 
the contrary, the kinetic of absorption is slow on surfaces (111) oriented. An 
intermediate behaviour was observed for the (110) oriented surfaces (179). 
Consequently, the electrochemical behaviour of the (001) crystal surface differs 
from that of both (110) and (111) as the crystallography on the underlying faces 
will play some role in the cathodic reduction reaction. 
The former appears to occur at an appreciable rate on the (001) surface (176); in 
particular, the pitting potential (Epit ) of aluminium and aluminium-copper 
single crystal were affected by grain orientation with (001) surface having the 
higher  pitting potential (180, 181) 
 
These observations suggest that the higher zinc enrichment observed for the 
(001) oriented grain is a consequence of the favourable kinetic of the oxygen 
absorption on the (001) oriented surface.  Additionally, electron tunnelling is 
favoured on grain having (001) orientation.  Thus, a thick oxide film grows on 
the (001) grain developing zinc enrichment at the alloy/film interface.  
 
The relatively high enrichment of the alloying element at alloy/film interface in 
(001) grain has also been observed in Al-Cu alloys following anodizing to form 
anodic barrier films at constant current density. In this case, the enrichment is 
developed beneath an oxide film and the copper is oxidized and incorporated 
into the film as Cu
2+
 ions, which migrate outward in the anodic alumina (173).  
 
Conclusions 
 
 The enrichment of zinc during alkaline etching of an Al-1.1at.%Zn alloy 
is dependent upon the grain orientation; 
 The zinc enrichments ranged from 1.7 x 1015 atoms/cm2 to  3.9 x 1015 
atoms/cm
2
,
 
for grains of (113) and (100) orientation respectively; 
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 Following etching, the alloy surface reveals crystallographic features, 
with appearances related to the grain orientation; 
 Dissolution of high index grain proceeds with the reconstruction of the 
low index {111} plane; 
 
 
Table 8.1 
Orientation of the grains analysed calculated by computer analysis of the EBSD 
patterns. 
 
Grain ND, hkl TD,hkl RD, hkl 
(001 ) 0.09 0.05 0.99 
[001] 
-0.5 -0.86 0.09 
[ 021 ] 
0.86 -0.49 -0.05 
[ 012 ] 
(113) 0.32 0.31 0.89 
[113] 
 0.42 0.8 -0.43 
[ 112 ] 
-0.85 0.52 0.12 
[ 417 ] 
(225) 0.37 0.31 0.87 
[225] 
-0.22 -0.89 0.41 
[ 241 ] 
0.9 -0.34 -0.15 
[ 126 ] 
(314) 0.62 0.19 0.76 
[314] 
-0.54 -0.6 0 0.6 
[ 111 ] 
0.57 -0.78 -0.27 
[ 132 ] 
 
 
 
 
 
 
Table 8.2 
 
Results of RBS analyses and roughness parameters of individual grains on Al-
1.1at.%Zn alloy etched in 0.5 M NaOH for 300 s at 313 K.  
 
 
Grain Zn enrichment  
[10
15
 atoms cm
-2
] 
 
Sa 
(nm) 
Sz 
(nm) 
Sdr 
(%) 
001 3.9 51 520 3.0 
225 3.2 60 680 7.7 
314 2.9 54 484 5.8 
113 1.7 52 542 8.3 
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Table 8.3 Heights of the steps measured by interferometry. 
 
 
High grain Low grain Step average  (nm) 
Triple point 1 
0.65 0.15 0.74 
(101) 
0.05 0.11 0.99 
(001) 142 
0.05 0.11 0.99 
(001) 
0.36 0.21 0.91 
(214) 235 
0.36 0.21 0.91 
(214) 
0.65 0.15 0.74 
(101) 197 
Triple point  2 
0.17 0.01 0.99 
(106) 
0.65 0.15 0.74 
(101) 250 
0.17 0.01 0.99 
(106) 
0.47 0.32 0.82 
(325) 539 
0.65 0.15 0.74 
(101) 
0.47 0.32 0.82 
(325) 135 
Triple point 3 
0.5 0.12 0.86 
(102) 
0.59 0.48 0.65 
(111) 441 
0.13 0.15 0.98 
(118) 
0.59 0.48 0.65 
(111) 403 
0.5 0.12 0.86 
(102) 
0.13 0.15 0.98 
(118) 429.7 
Boundary 4 
0.57 0.38 0.72 
(324) 
0.06 0.35 0.93 
(013) 252 
Triple point 5 
0.34 0.08 0.94 
(103) 
0.66 0.18 0.73 
(414) 337 
0.34 0.08 0.94 
(103) 
0.29 0.46 0.84 
(358) 210 
0.29 0.46 0.84 
(358) 
0.66 0.18 0.73 
(414) 383 
Boundary 6 
0.12 0.11 0.99 
(119) 
0.34 0.48 0.81 
(235) 250 
Triple point  7 
0.06 0.03 0.99 
(001) 
0.48 0.4 0.78 
(1 1 2) 192 
0.27 0.5 0.82 
(123) 
0.48 0.4 0.78 
(1 1 2) 503 
0.27 0.5 0.82 
(123) 
0.06 0.03 0.99 
(001) 119 
0.27 0.5 0.82 
(123) 
 
0.33 0.24 0.91 
(113) 429 
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Triple point 8 
0.65 0.15 0.74 
(315) 
0.05 0.11 0.99 
(112) 135 
0.05 0.11 0.99 
(119) 
0.36 0.21 0.91 
(315) 270 
0.36 0.21 0.91 
(119) 
0.65 0.15 0.74 
(112) 439 
Boundary 10 
 0.11 0.22 0.97 
(129) 
0.66 0.11 0.74 
(101) 595 
Boundary 11 
0.65 0.15 0.74 
(104) 
0.25 0.07 0.96 
(101) 350 
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Figure 8.1 Computer analysis of the EBSD pattern for the (001) grain, presented as {111} poles of the (111) pole figure 
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Figure 8.2 Computer analysis of the EBSD pattern for the (225) grain, presented as {111} poles of the (111) pole figure. 
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Figure 8.3 Computer analysis of the EBSD pattern for the (113) grain, presented as {111} poles of the (111) pole figure.
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Figure 8.4 Computer analysis of the EBSD pattern for the (314) grain, presented as {111} poles of the (111) pole figure.
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Figure 8.5 FEG-SEM micrographs of different grains of Al-1.1at.%Zn alkaline etched in 0.5 M 
NaOH at 313 K for 300 s: (a) (001) grain; (b) (225) grain; (c) (314) grain; (d) grain (113). 
 
 ( d ) 
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Figure 8.6 Secondary electron micrograph of  the pitted area present on the surface 
of the (225) grain. 
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Figure 8.7 RBS spectra (solid line - simulation) of  grain on Al-1.1wt.%Zn alloy 
etched under open circuit conditions at 313 K in 0.5 M NaOH for 300 s: a) full 
spectrum; b) enlargement of the peak due to enrichment of zinc. 
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Figure 8.8 MEIS spectrum of (314) grain of Al-1.1at.%Zn alkaline etched in 0.5 M NaOH 
at 313 K for 300 s. 
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Figure 8.9 AFM micrographs in tapping mode of different grains of Al-1.1at.%Zn 
alkaline etched in 0.5 M NaOH at 313 K for 300s: (a) (001) grain; (b) (225) grain; (c) 
(314) grain; (d) (113) grain. 
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(213) 
(312) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.10 Stereographic projections of (112) plane with crystallographic 
information of the (225) grain. The grey point is the projection of the pole of the 
(225) plane and the four red points are the projections of the (132) and (312) plane 
poles and (123) and (213) plane poles. 
 
 
 
 
 
 
TD [ 241 ] - Position  
of the ( 241 ) index  
in the back hemisphere 
ND (225) 
RD [6    ] and position 
of the (6    ) index  
(123) 
 
Chapter 8-Influence of Grain Orientation 
 
 
 190 
(a) 
2μm 
(iii) 
(ii) 
(i ) 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.11 Atomic force microscopy images of (225) grain: a) two-dimensional 
image, with prominent crystallographic directions identified; b) height profile in the 
direction [ ]111 represented by the line (i) showed in (a); c) height profile in the 
direction [ 120 ] represented by the line (ii) indicated in (a); d) height profile in the 
direction [ 120 ] represented by the the line (iii) indicated in (a);  
(d) 
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Figure 8.12 Stereographic projections of (314) plane. 
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Figure 8.13 Atomic force microscopy images of (314) grain: a) two-dimensional 
image, with prominent crystallographic directions identified; b) height profile in the 
direction [ 319 ] represented by the line (i) showed in (a); c) height profile in the 
direction[ 538 ] represented by the line (ii) indicated in (a).  
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Appendix A 
 
RBS, MEIS and GDOES Spectra of Al-Zn 
Alloys 
 
 
 
 
 
 
 
 
Figure 1A RBS spectrum using 1.7 He
+
 ions of theAl-1.9at.%Zn alloy in the rolled 
condition. 
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Figure 2A RBS spectrum using 1.5 MeV He
+
 for the Al-1.9at.%Zn alloy after 
alkaline etching at 313K in 0.5 M NaOH  for 300 s: a) full spectrum; b) 
enlargement of the area containing zinc enrichment. 
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Figure 3A  RBS spectrum using 1.5 MeV He
+
 ions of the Al-1.9at.%Zn alloy 
after electropolishing at 20V in a solution of perchloric/ethanol (1:4 v/v)  for 
180 s: a) full spectrum; b) zoom of the area containing zinc enrichment.  
( b ) 
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Al 
O 
Zn enrichment 
( a ) 
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Figure 4A RBS spectrum using 1.7 MeV He
+
 of the Al-0.6at.%Zn alloy after 
mechanical polishing. 
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Figure 5A RBS spectrum using 1.5 MeV He
+ 
for the Al-0.6at.%Zn alloy 
anodic alkaline etched etched at 5 mA/cm
2
  in a solution of 0.5 M NaOH  for 
70 s at room temperature: a) full spectrum; b) enlargement of the area 
containing zinc enrichment. 
(b) 
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Al 
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Zn enrichment 
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Figure 6A RBS spectrum using 1.5 MeV He
+ 
for the Al-0.6at.%Zn 
alloy after alkaline etching at 313K in 0.5 M NaOH  for 300 s: a) full 
spectrum; b) enlargement of the area containing zinc enrichment. 
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Figure 7A RBS spectra using 1.5 MeV He
+
 ions for the Al-0.6at.%Zn alloy 
electropolished at 20V in a solution of perchloric/ethanol (1:4 v/v)  for 180 s. 
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Figure 8A MEIS spectrum for the Al-1.9at.%Zn alloy in rolled condition. 
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Figure 9A MEIS spectrum for the Al-1.9at.%Zn alloy after mechanical 
polishing. 
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Figure 10A  MEIS spectrum for the Al-1.9at.%Zn alloy after alkaline etching 
at 313 K in a solution of 0.5 M NaOH  for 300 s.  
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Figure 11A MEIS spectrum for the Al-1.9at.%Zn alloy specimen after 
electropolishing at 20V in a solution of perchloric/ethanol (1:4 v/v)  for 180 s.  
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Figure 12A MEIS spectrum for the Al-0.6 at.%Zn alloy after mechanical 
polishing. 
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Figure 13A MEIS spectrum for the Al-0.6at.%Zn alloy after alkaline etching 
in 0.5 M NaOH at 313 K for 300 s. 
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Figure 14A MEIS spectrum for the Al-0.6at.%Zn alloy specimen after alkaline 
etching in anodic condition at 5 mA/cm
2
  in a solution of 0.5 M NaOH  for 70 s 
at room temperature.  
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Figure 15A GDOES spectrum for the Al-1.9at.%Zn alloy after alkaline etching 
in 0.5 M NaOH at 313K  for 300 s. 
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Figure 16A GDOES spectrum for the Al-1.9at.%Zn alloy after etching under 
the  anodic condition at 5 mA/cm
2
  in a solution of 0.5 M NaOH  for 70 s at 
room temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
    
 
Appendix A  
 209 
0
10
20
30
40
50
60
70
80
90
0 100 200 300 400 500 600 700 800 900 1000
sputter time
e
le
m
e
n
ta
l 
in
te
n
s
it
y
Al
Zn*100
O*10
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17A GDOES spectrum for the Al-1.9at.%Zn alloy after 
electropolishing at 20V in a solution of perchloric/ethanol (1:4 v/v)  for 180 s.  
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Figure 18A GDOES spectrum for the Al-1at.%Zn alloy after alkaline etching 
in 0.5 M NaOH at 313K  for 300 s. 
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Figure 19A GDOES spectrum for the Al-0.6at.%Zn alloy etching in anodic 
condition at 5 mA/cm
2
  in a solution of 0.5 M NaOH  for 70 s at room 
temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix A  
 212 
0
10
20
30
40
50
60
70
80
0 50 100 150 200 250 300 350 400
sputter time
e
le
m
e
n
ta
l 
in
te
n
s
it
y
Al
Zn*100
O*10
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20A GDOES spectrum for Al-0.6at.%Zn alloy alkaline etched at 313 K 
in a solution of 0.5 M NaOH  for 300 s.  
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Figure 21A GDOES spectrum for Al-0.6at.%Zn alloy electropolished at 20V 
in a solution of perchloric/ethanol (1:4 v/v)  for 180 s. 
 
 
 Appendix B 
 
 
 214 
Appendix B 
Surface Morphologies of Al-Zn Alloys 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1B Secondary electron micrograph of the Al-1.9at.%Zn alloy in the 
rolled condition: a) low magnification; b) high magnification.  
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Figure 2B Secondary electron micrograph of the Al-1.9at.%Zn alloy after 
mechanical polishing: a) low magnification; b) high magnification.
( b ) 
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Figure 3B Secondary electron micrograph of the Al-1.9at.%Zn alloy after 
electropolishing at 20V in a solution of perchloric/ethanol (1:4 v/v)  for 180 s: 
a) low magnification; b) high magnification.  
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Figure 4B Secondary electron micrograph of Al-0.6at.%Zn alloy after  alkaline 
etching under the anodic condition at 5 mA/cm
2
  in a solution of 0.5 M NaOH  
for 70 s at room temperature: a) low magnification; b) high magnification.  
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Figure 5B Secondary electron micrograph of the Al-1.9at.%Zn alloy after 
alkaline etching at 313K in 0.5 M NaOH  for 300 s: a) low magnification; b) 
high magnification.  
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Figure 6B Secondary electron micrograph of the Al-0.6at.%Zn alloy after 
mechanical polishing: a) low magnification; b) high magnification;  
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Figure 7B Secondary electron micrograph of Al-0.6at.%Zn alloy after 
mechanical polishing: a) low magnification; b) high magnification.  
 
 
 
 
 
 
( b ) 
( a ) 
 
 Appendix B 
 
 
 221 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8B Secondary electron micrograph of the Al-0.6at.%Zn alloy 
electropolishig at 20V in a solution of perchloric/ethanol (1:4 v/v)  for 180 s: a) 
low magnification; b) high magnification.  
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Figure 9B Secondary electron micrograph of the Al-0.6at.%Zn alloy after  
alkaline etching under the anodic condition at 5 mA/cm
2
  in a solution of 0.5 M 
NaOH  for 70 s at room temperature: a) low magnification; b) high 
magnification.  
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Figure 10B Secondary electron micrograph of the Al-0.6at.%Zn alloy after 
alkaline etching at 313K in 0.5 M NaOH  for 300 s: a) low magnification; b) 
high magnification. 
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(a) 
(b) 
Appendix C 
Potential measurements during alkaline 
etching and anodic alkaline etching   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1C Potential-time behaviour during anodic alkaline etching of Al-
1at.%Zn alloy in alkaline solution 0.5 M NaOH at T = 298 K for 70 s: a) Al-
1.9at.%Zn; b) Al-0.6at.%Zn. 
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Figure 2C Open circuit potential transient following alkaline etching of Al-
1at.%Zn alloy in 0.5 M NaOH at T = 313 K for 300 s: a) Al-1.9at.%Zn; b) Al-
0.6at.%Zn.
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APPENDIX D 
RBS and MEIS spectra of (225), (314) and 
(113) Grains  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1D RBS spectra (solid line - simulation) of a (113) grain on Al-
1.1wt.%Zn alloy etched under open circuit conditions at 313 K in 0.5 M NaOH 
for 300 s: a) full spectrum; b) enlargement of the peak due to enrichment of 
zinc. 
( a ) 
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Figure 2D RBS spectra (solid line - simulation) of a (225) grain on Al-
1.1wt.%Zn alloy etched under open circuit conditions at 313 K in 0.5 M NaOH 
for 300 s: a) full spectrum; b) enlargement of the peak due to enrichment of 
zinc. 
( a ) 
( b) 
Zn 
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Figure 3D RBS spectra (solid line - simulation) of a (314) grain on Al-
1.1wt.%Zn alloy etched under open circuit conditions at 313 K in 0.5 M NaOH 
for 300 s: a) full spectrum; b) enlargement of the peak due to enrichment of 
zinc. 
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Figure 4D MEIS spectrum of (225) grain of Al-1.1at.%Zn alkaline etched in 
0.5 M NaOH at 313 K for 300 s. 
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APPENDIX E 
Inverse Pole Figure Representing the Grains 
Analysed in the Step Height Measurements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1E Grain Orientation representation in the Inverse Pole Figures: a) 
triple point 1; b) triple point 2. 
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(b) 
 
 
(001) 
(101) 
(214) 
(325) 
(106) 
(101) 
 
 Appendix E 
 
 
 231 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2E Grain Orientation representation in the Inverse Pole Figures: a) 
triple point 3; b) boundary 4.
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Figure 3E Grain Orientation representation in the Inverse Pole Figures: a) 
triple point 5; b) boundary 6.
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Figure 4E Grain Orientation representation in the Inverse Pole Figures: a) 
triple point 7; b) triple point 8. 
(b) 
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Figure 5E Grain Orientation representation in the Inverse Pole Figures: a) 
triple point 9; b) boundary 10.   
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Chapter 9 
General Conclusions and Future Work 
 
The present thesis provides further understanding in the oxidation and 
dissolution mechanism that occurs during surface treatment of aluminium-zinc 
alloys. 
In particular for electropolishing, alkaline etching and anodic alkaline etching  
analyses of the near-surface composition of the pre-treated specimens reveal 
the presence of a zinc enriched layer. The findings shows that the number of 
zinc atoms accumulated in the enriched layer depend upon two factors; the 
alloy composition, i.e. the concentration of zinc in the aluminium matrix, and 
the oxidation mechanism which is affected by the experimental condition 
employed. 
However, the general mechanism of zinc enrichment resembles the model 
proposed for others aluminium alloying elements such as copper, gallium, lead 
etc.  
 
The zinc enrichment plays a key role in the development of the surface 
morphologies during the employed surface treatments. In fact, it is well 
documented that the presence of zinc in the alloy matrix enhances the 
dissolution of aluminium. 
Additionally, previous studies revealed that anodic film growth on aluminium-
zinc alloy becomes detached during anodizing. This phenomenon is associated 
to the Pilling-Bedworth ratio for formation of anodic ZnO, namely 1.58, which 
is lower compared with that of anodic alumina that is 1.61 ± 0.08. Thus, 
detachment of the anodic film affects the surface topography of the pre-treated 
specimen.  
Thus, the results show that alkaline etching produced a relatively rough surface 
with crystallographic features. The findings suggest that, in the employed 
experimental conditions, zinc atoms enhance film dissolution and favour 
electron tunnelling phenomena.  
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Further, the anodic etched surface revealed numerous cavities due to locally 
increased rates of dissolution of the alloy surface. Phenomena of local 
detachment cause the developed of cavities that are partially sealed by the 
precipitation of  
2
2ZnO  ions in solution. Conversely, electropolishing produced 
a relatively flat surface as a consequence of the suppression of crystallographic 
etching due to the presence of the oxide film established in the initial stage of 
anodizing on the surface.  
An analysis of the effect of surface treatments on the behaviour of aluminium-
zinc alloys during anodizing was carried out.  The results reveal that anodic 
film growth on alloy in rolled condition and after surface treatment becomes 
detached from the alloy substrate independently of the surface treatment 
employed. Detachment of the anodic film starts earlier during anodizing of 
surface pre-treated aluminium-zinc alloys that develop a zinc enriched layer at 
the alloy/film interface. 
These results confirm previous studies that associate the detachment of the 
anodic film to voids formed the alloy/film following the oxidation of zinc 
atoms.  
 
For the alkaline etched specimen, a study of the effect of grain orientation on 
zinc enrichment and surface morphologies was also undertaken. Four grains 
having orientation (001), (314), (225) and (314) were analysed.  
The etching process results in enrichment of zinc in the alloy, with the amount 
of enriched zinc increasing in order of grain orientations (113), (314), (225) 
and (100). The maximum level of enrichment of 3.9 x 10
15 
zinc atoms cm
-2
 
corresponds to an average  concentration of zinc of about 13 at.% in the 
enriched layer, assuming that the enriched layer is about 5 nm thick, which was 
measured by MEIS.  
The topographical texture of the alkaline etched Al-Zn alloy depended 
significantly upon the underling grain orientation.  
Thus, the features of the (001) grain surface had a non-crystallographic 
scalloped appearance. Conversely, the surface of the (314) and (113) grains 
were crystallographic with step-like features. An intermediate behaviour was 
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observed for the (225) grain surface with scallops elongated along two specific 
directions.   
The crystallographic surfaces were suggested to indicate that the etching 
conditions result in significant thinning of the oxide film on the aluminium 
surface, or the development of a film-free surface. Consequently the dissolution 
was dictated by the underlying grain orientation. The zinc in the alloy matrix 
enhanced the dissolution of the oxide film, thinning the film to thickness where 
electron tunnelling was significant. 
 
Additionally, an analysis of the traces present on the etched surface shows that 
Al-Zn alloy dissolution preferentially exposes low energy (111) planes. Thus, 
these results reveal that Al-Zn alloys and pure aluminium, having a film free 
surface or supporting a very thin oxide on the surface, dissolve with the same 
dissolution mechanism, which occurs along crystallographic planes that are 
energetically favoured to expose low energy planes. 
 
This observation were confirmed by etching rate measurements, in fact it was 
found that faster dissolution occurs on grains having orientation close to the 
(111) orientation. Additionally, dissolution rates of the low index grains (111), 
(110) and (100) decreases in the order (111)> (110)> (001), while the (123) 
grain was the less receded.  
These results are explained on the basis of the TLK model of atomistic surface 
reconstruction proposed by Woodruff. Consequently, the atomic distribution of 
zinc into the enriched layer plays a key role in the dissolution process.  
Thus in the future, in order to give an atomistic interpretation of the oxidation 
mechanism occurring at the alloy film interface, identification the atomic 
structure of the zinc enriched layer by transmission electron microscopy is 
suggested.  
Further, complementary Scanning Kelvin probe (SKP) measurements would 
give a new approach to the understanding of the effect of enrichment on 
corrosion behaviour of aluminium alloys. 
 
 Bibliography 
 
 
 238 
Bibliography 
1. Metals Handbook, Properties and Selection: Nonferrous Alloys and 
Pure Metals Ohio (1979). 
2. N. N. Greenwood and A. Earnshaw, Chemistry of the elements, 
Cambridge (1984). 
3. J. R. Davis, Aluminium and aluminium alloys, ASM International, USA 
(1993). 
4. D. Dobos, Electrochemical data, Oxford (1975). 
5. A. L. Mondolfo, Aluminium Alloys: Structure and Properties, London 
(1976). 
6. M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solutions 
(1966). 
7. G. G. Perrault, Journal of The Electrochemcal Society, 126, 199 (1979). 
8. G. T. Burstein and C. Liu, Corrosion Science, 37, 1151 (1995). 
9. R. D. Armstrong and V. J. Braham, Corrosion Science, 9, 1463 1471 
(1996). 
10. S. Real, M. Urquidi-Macdonald and D. G. Macdonald, Journal of The 
Electrochemical Society, 135, 1633 (1988). 
11. S. Real, M. Urquidi-Macdonald and D. G. Macdonald, Journal of The 
Electrochemical Society, 135, 2401 (1988). 
12. G. A. Marsh and E. Schaschi, Journal of The Electrochemical Society, 
107, 960 (1960). 
13. M. E. Straumanis, Journal of The Electrochemical Society, 105, 284 
(1958). 
14. D. G. Macdonald, S. Real and M. Urquidi-Macdonald, Journal of The 
Electrochemical Society, 135, 2397 (1988). 
15. C. D. S. Tuck, J. A. Hunter and G. M. Scamans, Journal of The 
Electrochemical Society, 134, 2970 2981 (1987). 
16. D. S. Keir and P. R. Sperry, journal of The Electrochemical Society, 
114, 777 (1967). 
17. C. H. Mathewson, ZINC The Science and Technology of the Metal, Its 
Alloy and Compounds, New York (1970). 
18. M. Farnsworth and C. H. Kline, Zinc Chemicals, London (1973). 
19. P. A. Malachesky, Encyclopedia of Electrochemistry of the Elements, 
New York (1976). 
20. S. W. K. Morgan, Zinc and Its Alloys and Compounds (1985). 
21. X. G. Zhang, Corrosion and Electrochemistry of Zinc New York 
(1996). 
22. P. A. Malachesky, Encyclopedia of Electrochemistry of the Elements, p. 
63, New York (1976). 
23. Y.-C. Chang and G. Prentice, Journal of The Electrochemical Society, 
136, 3398 3403 (1989). 
24. M. C. H. McKubre and D. D. Macdonald, Journal of The 
Electrochemical Society, 128, 524  530 (1981). 
25. W. V. Doorne and T. P. Dirkse, Journal of The Electrochemical 
Society, 122, 1  4 (1975). 
 
 Bibliography 
 
 
 239 
26. R. A. Higgins, Enginering Metallurgy, Arnold, New York (1993). 
27. L. L. Shreir, R. A. Jarman and G. T. Burstein, Corrosion, Oxford 
(1994). 
28. The Properties of Aluminium and its Alloy, Birmingham (1968). 
29. A. S. f. T. Materials, Annual book of ASTM standard Philadelphia 
(2005). 
30. Metals Handbook, Properties and Selection: Nonferrous Alloys and 
Pure Metals Ohio (1985). 
31. Handbook of Aluminium, Marcle Dekker, New York (2003). 
32. R. W. Revie, Uhlig's Corrosion Handbook (2000). 
33. R. W. Revie, Uhlig's Corrosion Handbook, New York (2000). 
34. T. B. Massalski, Physical Metallurgy, Elsevier, Amsterdam (1996). 
35. J. L. Bocquet, G. Brebec and Y. Limoge, Physical Metallurgy, Elsevier, 
Amsterdam (1996). 
36. Physical Metallurgy, Elsevier Science, Amsterdam (1996). 
37. Structural applications of intermetallic compounds, John Wiley Sons, 
Chichester (2000). 
38. Metals Handbook, Corrosion, Ohio (1987). 
39. W. B. Pearson, Handbook of lattice spacings and structures of metals 
(1967). 
40. W. B. Pearson, Handbook of lattice spacings and structures of metals 
(1958). 
41. Z. Szklarska-Smialowska, Pitting Corrosion of Metals, NACE, Houston 
(1986). 
42. J. A. Richardson and G. C. Wood, Corrosion Science, 10, 313 323 
(1970). 
43. H. P. Godard, W. B. Jepson, M. R. Bothwell and R. L. Kane, The 
corrosion of light metals John Wiley and Sons, INC., New York (1967). 
44. A. J. Sedriks, Corrosion of stainless steels, New York (1979). 
45. H. P. Leckie, Journal of The Electrochemical Society, 117, 1152 1154 
(1970). 
46. H. Bohni and H. H. Uhlig, Journal of The Electrochemical Society, 116, 
906 910 (1969). 
47. K. Muthukrishnan and K. R. Hebert, Journal of The Electrochemical 
Society, 151, B45 (2004). 
48. C. Edeleaunu and U. R. Evans, Transaction of the Faraday Society, 47, 
1121 (1051). 
49. J. H. Seo, J. H. Ryu and D. N. Lee, Journal of The Electrochemical 
Society, 150, B433 B438 (2003). 
50. Fontana and G. Mars, Corrosion engineering, New York (1986). 
51. M. Urquidi-Macdonald and D. D. Macdonald, Journal of The 
Electrochemcal Society, 134, 43 (1987). 
52. P. Marcus and J. Oudar, Corrosion mechanisms in theory and practice, 
New York (1995). 
53. D. D. Macdonald, Journal of The Electrochemical Society, 139, 3434 
3449 (1992). 
54. N. Sato, Electrochemica Acta, 16, 1683 (1962). 
55. J. R. Gavele, Journal of The Electrochemical Society, 123, 464 474 
(1976). 
 
 Bibliography 
 
 
 240 
56. P. C. Pistorius and G. T. Burstein, Philosophical Transactions of The 
Royal Society A, 341, 531 559 (1992). 
57. U. R. Evans, Electrochemica acta, 16, 1825 (1971). 
58. M. Urquidi-Macdonald and D. D. Macdonald, Journal of The 
Electrochemcal Society, 136, 961 (1989). 
59. G. D. Davis, Journal of The Electrochemcal Society, 140, 951 (1993). 
60. G. S. Frankel, R. C. Newman, C. V. Jahnes and M. A. Russak, Journal 
of Electrochemical Society, 140, 2192 2197 (1993). 
61. I. L. Muller and J. R. Gavele, Corrosion Science, 17, 995 1007 (1977). 
62. P. G. Sheasby and R. Pinner, The surface treatment and finishing of 
aluminium and its alloys, Stevenage (2001). 
63. M. F. Silvia, K. Shimizu, K. Kobayashi, P. Skeldon, G. E. Thompson 
and G. C. Wood, Corrosion Science, 37, 1511 1514 (1995). 
64. M. Hollo, Acta Metallurgica, 8 (1960). 
65. W. C. Elmore, Journal of Applied Physics, 10 (1939). 
66. C. L. Faust, Journal of The Electrochemcal Society 95 (1949). 
67. R. E. Ricker, A. E. Miller, D. F. Yue, G. Banerjee and S. 
Bandyopadhyay, Journal of Electronic Materials, 25 (1996). 
68. W. J. Tegart, The electrolytic and chemical polishing of metals, London 
(1959). 
69. S. K. Das, Structural Applications of Intermetallic Compounds, John 
Wiley  Sons Ltd, Chicherster (2000). 
70. K. Wefers and G. H. Bell, Oxides and Hydroxides of Aluminium, in 
Alcoa Research Laboratories Technical Paper (1972). 
71. M. G. Fontana, Corrosion Engineering, New York (1987). 
72. J. W. Diggle, T. C. Downie and C. W. Goulding, Chemical Reviews, 69, 
365 (1969). 
73. G. M. Brown, K. Shimizu, K. Kobayashi, G. E. Thompson and G. C. 
Wood, Corrosion Science, 33, 1371 (1992). 
74. G. M. Brown, K. Shimizu, K. Kobayashi, G. E. Thompson and G. C. 
Wood, Corrosion Science, 34, 2099 2104 (1993). 
75. R. K. Hart, Transaction of Faraday Society, 53, 1020 (1957). 
76. J. W. Diggle and A.K.Vijh, Oxide and Oxide Films, New York (1976). 
77. J. W. Diggle, Oxide and Oxide Films, New York (1972). 
78. M. Skeldon, P. Skeldon, G. E. Thompson, X. Zhou, U. Kreissing, E. 
Wieser, H. Habazaki and K. Shimizu, Philosophical Magazine Part B, 68, 787 
803 (1993). 
79. G. E. Thompson, Y. Liu, P. Skeldon, K. Shimizu, S. H. Han and G. C. 
Wood, Philosophical Magazine B, 55, 651 667 (1987). 
80. S. W. M. Chung, J. Robinson, G. E. Thompson, G. C. Wood and H. S. 
Isaacs, Philosophical Magazine Part B, 63, 557 571 (1991). 
81. G. C. Wood, P. Skeldon, G. E. Thompson and K. Shimizu, Journal of 
The Electrochemical Society, 143, 74  82 (1996). 
82. V. P. Parkhutik and V. I. Shershulsky, Journal of Physics D: Applied 
Physics, 25, 1258 1263 (1992). 
83. P. l. Cabot, Electrochimica Acta, 30, 1035 1042 (1985). 
84. G. E. Thompson, R. C. Furneaux, G. C. Wood, J. A. Richardson and J. 
S. Goode, Nature, 272 (1978). 
 
 Bibliography 
 
 
 241 
85. K. Shimizu, K. Kobayashi, G. E. Thompson and G. C. Wood, 
Philosophical Magazine A, 66, 643 652 (1992). 
86. P. Skeldon, G. E. Thompson, S. J. Garcia-Vergara, L. Iglesias-Rubianes 
and C. E. Blanco-Pinzon, Electrochemical and solid-state letters, 9, B47 B51 
(2006). 
87. S. J. Garcia-Vergara, L. Inglesias-Rubianes, C. E. Blanco-Pinzon, P. 
Skeldon, G. E. Thompson and P. Campestrini, Proceeding of the Royal Society 
A, 462, 2345 2358 (2006). 
88. H. Asoh, S. Ono, T. Hirose, I. Takatori and H. Masuda, Japanese 
Journal of Applied Physics, 43 (2004). 
89. S. Ono, H. ichinose and N. Masuko, Journal of The Electrochemical 
Society, 139 (1992). 
90. G. E. Thompso and G. C. Wood, Nature, 290, 230 32 (1981). 
91. L. Young, Anodic Oxide Films Academic Press, London (1961). 
92. N. F. Mott, Philosophical Magazine, 55, 117 129 (1987). 
93. A.Guntherschultze and H. Betz, Zeitschirft fur Physik:Hadrons and 
Nuclei, 68, 145 161 (1931). 
94. J. T. B. Gundersen, A. Aytac, J. H. Nordlien and K. Nisancioglu, 
Corrosion Science, 46, 697 (2004). 
95. M. M. Lohrengel, Material Science and Engineering, 11, 243 294 
(1993). 
96. L. Young, Transaction of the Faraday Society, 52, 502 514 (1956). 
97. L. Young, Proceedings of the Royal Society, 258, 496 515 (1960). 
98. E. J. Verwey, Physica, 2, 1059 (1935). 
99. A.Guntherschultze and H. Betz, Z Physics, 92, 367 (1934). 
100. N. Cabrera and N. F. Mott, 12, 163 (1948). 
101. J. F. Dewald, Journal of Electrochemical Society, 102, 1 (1955). 
102. A. R. Bray, P. W. Jacobs and L. Young, Proceedings of the Physical 
Society, 71 (1958). 
103. H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson and G. C. 
Wood, Proceeding of the Royal Society, 453 (1997). 
104. Y. Liu, P. Skeldon, G. E. Thompson, X. Zhou, H. Habazaki and K. 
Shimizu, Corrosion Science, 43, 2349 2357 (2001). 
105. P. Skeldon, X. Zhou, G. E. Thompson, G. C. Wood, H. Habazaki and 
K. Shimizu, Corrosion, 55, 561 565 (1999). 
106. X. Zhou, G. E. Thompson, P. Skeldon, G. C. Wood, K. Shimizu and H. 
Habazaki, Corrosion Science, 41, 1599 1613 (1999). 
107. K. Tzoganakou, P. Skeldon, G. E. Thompson, X. Zhou, U. Kreissig, E. 
Wieser, H. Habazaki and K. Shimizu, Corrosion Science, 42, 1083 1091 
(2000). 
108. X. Zhou, H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson and G. 
C. Wood, Corrosion Science, 38, 1563 1577 (1996). 
109. Kobayashi. 
110. K. Shimizu, G. E. Thompson, G. C. Wood and K. Kobayashi, Journal 
of Material Science Letters, 10, 709 711 (1991). 
111. H. H. Strehblow, C. M. Melliar-Smith and W. M. Augustyniak, Journal 
of The Electrochemical Society, 125, 915 919 (1978). 
112. H. Habazaki, Transactions of the Institute of Metal Finishing 75, 18 
(1997). 
 
 Bibliography 
 
 
 242 
113. H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson, G. C. Wood 
and X. Zhou, Corrosion Science, 39, 731 737 (1997). 
114. S. Garcia-Vergara, P. Skeldon, G. E. Thompson, P. Bailey, T. C. Q. 
Noakes, H. Habazaki and K. Shimizu, Applied Surface Science, 205, 121 127 
(2003). 
115. P. Bailey, P. Skeldon, T. C. Q. Noakes, G. E. Thompson, M. Sakairi, H. 
Habazaki and K. Shimizu, Surface and Interface Analysis, 31, 480 483 (2001). 
116. H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson, G. C. Wood 
and X. Zhou, Journal of The Electrochemical Society, 144, 3492 3495 (1997). 
117. S. Mato, G. E. Thompson, P. Skeldon, K. Shimizu, H. Habazaki and D. 
Masheder, Corrosion Science, 43, 993 1002 (2001). 
118. F. J. Humphreys and M. Hatherly, Recrystallization and related 
Anealing Phenomena, Oxford (1995). 
119. M. F. D. Silva, K. Shimizu, K. Kobayashi, P. Skeldon, G. E. Thompson 
and G. C. Wood, Corrosion Science, 37, 1511 1514 (1995). 
120. J. M. Walls, Method of surface analysis: techniques and applications, 
Cambridge University Press (1989). 
121. Y. Liu, M. Alexander, E. Koroleva, P. Skeldon, G. E. Thompson, P. 
Bailey, T. C. Q. Noakes, K. Shimizu and H. Habazaki, Surface and Interface 
Analysis, 33, 318 321 (2002). 
122. M. Mayer, SIMNRA, in. 
123. K. Shimizu, G. M. Brown, H. Habazaki, K. Kobayashi, P. Skeldon, G. 
E. Thompson and G. C. Wood, Corrosion Science, 43, 199 205 (2001). 
124. K. Shimizu, K. Kobayashi, P. Skeldon, G. E. Thompson and G. C. 
Wood, Corrosion Science, 39, 701 (1997). 
125. J. S. Smaill, Metallurgical Streographic Projections, Adam Hilger, 
London (1972). 
126. V. Randle, Microtexture determination and its applications, Maney 
(2003). 
127. C. S. Barrett and T. B. Massalski, Structure of Metals, McGraw-Hill 
London (1966). 
128. F. J. Humphreys, Journal of Material Science, 36, 3833 3854 (2001). 
129. I. Lindseth, G. Pettersen, J. H. Nordlien, S. J. Andersen, J. C. Walmsley 
and A. Bardal, in Aluminium Surface Science and Technology (2006). 
130. R. C. Furneaux, G. E. Thompson and G. C. Wood, Corrosion Science, 
18, 853 881 (1978). 
131. Z. Ashitaka, G. E. Thompson, P. Skeldon, H. Habazaki and K. Shimizu, 
Journal of Material Science, 36, 2237 2242 (2001). 
132. z. Ashitaka, P. Skeldon, G. E. Thompson, K. Shimizu and H. Habazaki, 
Corrosion Science, 44, 2725 2735 (2002). 
133. Z. Ashitaka, G. E. Thompson, P. Skeldon, G. C. Wood and K. Shimizu, 
Journal of The Electrochemical Society, 146, 1380 1385 (1999). 
134. H. Habazaki, X. Zhou, K. Shimizu, P. Skeldon, G. E. Thompson and G. 
C. Wood, Electrochemica Acta, 42, 2927 2635 (1997). 
135. H. Habazaki, K. Shimizu, M. A. Paez, P. Skeldon, G. E. Thompson, G. 
C. Wood and X. Xhou, Surface and interface analysis, 23, 892 898 (1995). 
136. Y. Liu, F. Colin, P. Skeldon, G. E. Thompson, X. Zhou, H. Habazaki 
and K. Shimizu, Corrosion Science, 45, 1593 1544 (2003). 
 
 Bibliography 
 
 
 243 
137. H. Habazaki, M. A. Paez, K. Shimizu, P. Skeldon, G. E. Thompson, G. 
C. Wood and X. Zhou, Corrosion Science, 38, 1033 1042 (1996). 
138. X. Zhou, G. E. Thomson, H. Habazaki, K. Shimizu, P. Skeldon and G. 
C. Wood, Thin Solid Films, 293, 327 332 (1997). 
139. M. A. Arenas, S. Garcia-Vergara, P. Bailey, T. C. Q. Noakes, P. 
Skeldon, G. E. Thompson, K. Shimizu and H. Habazak, in Aluminium Surface 
Science and Technology, H. Terryn Editor (2003). 
140. H. Habazaki, X. Zhou, K. Shimizu, P. Skeldon and G. E. Thompson, 
Thin Solid Films, 292, 150 155 (1997). 
141. M. A. Arenas, L. Iglesias-Rubianes, Y. Liu, P. Skeldon, G. E. 
Thompson, H. Habazaki, K. Shimizu, P. Bailey and T. C. Q. Noakes, 
Corrosion  Science, 47, 2321 2331 (2005). 
142. H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson, G. C. Wood 
and X. Zhou, Transactions of the Institute of Metal Finishing, 75, 18 23 (1997). 
143. H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson, G. C. Wood 
and X. Zhou,  (1997). 
144. X. Zhou, H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson and G. 
C. Wood, Proceedings Royal Society London A, 455, 385 399 (1999). 
145. Y. Liu, M. A. Arenas, S. J. Garcia-Vergara, T. Hashimoto, P. Skeldon, 
G. E. Thompson, H. Habazaki, P. Bailey and T. C. Q. Noakes, Corrosion 
Science, 50, 1475 1480 (2008). 
146. Y. Liu, M. A. Arenas, P. Skeldon, G. E. Thompson, H. Habazaki, P. 
Bailey and T. C. Q. Noakes, Corrosion Science, 48, 1874 1884 (2006). 
147. I. Felhosi, H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson, G. C. 
Wood and X. Zhou, Corrosion Science, 40, 2125 2139 (1998). 
148. Z. Ashitaka, G. E. Thompson, P. Skeldon, G. C. Wood, H. Habazaki 
and K. Shimizu, Journal of The Electrochemical Society, 147, 132 139 (2000). 
149. N. Margadant, P. Skeldon, M. Textor, G. E. Thompson, J. Wan, H. 
Habazaki, K. Shimizu, N. D. Spencer and G. C. Wood, Corrosion Science, 42, 
405 419 (2000). 
150. C. E. Caicedo-Martinez, E. V. Koroleva, G. E. Thompson, P. Skeldon, 
K. Shimizu, H. Habazaki and G. Hoellrigl, Surface and Interface Analysis, 34, 
405 408 (2002). 
151. C. E. Caicedo-Martinez, G. E. Thompson and E. V. Koroleva, Surface 
Engineering, 18, 145 150 (2002). 
152. K. R. Hebert, T. Gessmann, K. G. Lynn and P. Asoka-Kumar, Journal 
of The Electrochemical Society, 151, B22 B26 (2004). 
153. M. Gentile, E. Koroleva, P. Skeldon and G. E. Thompson, Corrosion 
Science (2009). 
154. C. E. Caicedo-Martinez, E. V. Koroleva, P. Skeldon, G. E. Thompson, 
G. Hoellrigl, P. Bailey, T. C. Q. Noakes, H. Habazaki and K. Shimizu, Journal 
of The Electrochemical Society, 149, B139 B145 (2002). 
155. K. Shimizu, G. E. Thompson and G. C. Wood, Electrochimica Acta, 27, 
245 250 (1982). 
156. R. C. Newman, Corrosion Science, 25, 331 339 (1985). 
157. F. Sato and R. C. Newman, Corrosion 55, 3 9 (1999). 
158. M. C. Reboul and M. C. Delatte, Material Performance, 19, 35 40 
(1980). 
 
 Bibliography 
 
 
 244 
159. M. C. Reboul, P. Gimenez and J. J. Rameau, Corrosion, 40, 366 370 
(1984). 
160. B. Carmel and W. M. Carroll, Corrosion Science, 33, 1735 1746 
(1992). 
161. K. Shimizu, G. M. Brown, K. Kobayashi, G. E. Thompson and G. C. 
Wood, Corrosion Science, 34, 1853 (1993). 
162. G. M. Brown, K. Shimizu, K. Kobayashi, G. E. Thompson and G. C. 
Wood, Corrosion Science, 34, 1045 (199). 
163. E. V. Koroleva, G. E. Thompson, P. Skeldon and B. Noble, 
Proceedings of The Royal Society A, 463, 1729 1748 (2007). 
164. C. E. Caicedo-Martinez, E. V. Koroleva, G. E. Thompson, P. Skeldon, 
K. Shimizu, G. Hoellrigl, C. Campbell and E. McAlpine, Corrosion Science, 
44, 2611 2620 (2002). 
165. I. Felhosi, H. Habazaki, K. Shimizu, G. E. Thompson, G. C. Wood and 
X. Zhou, Corrosion Science, 40, 2125 2139 (1998). 
166. R. Huang, K. R. Hebert and L. S. Chumbley, Journal of The 
Electrochemical Society, 151, B379 B386 (2004). 
167. R. Huang, K. R. Hebert, T. Gessmann and K. G. Lynn, Journal of The 
Electrochemical Society, 151, B227 B232 (2004). 
168. M. Skeldon, P. Skeldon, G. E. Thompson, G. C. Wood and K. Shimizu, 
Philosophical Magazine B, 68, 787 803 (1993). 
169. A. C. Harkness and L. Young, Canadian Journal of Chemistry, 44, 
2409 2413 (1966). 
170. E. Matykina, R. Arrabal, P. Skeldon, G. E. Thompson and H. Habazaki, 
Thin Solid Films, 516, 2296 2305 (2008). 
171. X. Zhou, G. E. Thompson and P. Skeldon, Electrochimica Acta, 53, 
5684 5691 (2008). 
172. X. Zhou, G. Thompson and P. Skeldon, Electrochimica Acta, 53, 5684 
5691 (2008). 
173. Y. Liu, E. A. Sultan, E. V. Koroleva, P. Skeldon, G. E. Thompson, X. 
Zhou, K. Shimizu and H. Habazaki, Corrosion Science, 45, 789 797 (2003). 
174. E. V. Koroleva, G. E. Thompson, P. Skeldon and B. Noble, 
Proceedings of The Royal Society A, 463, 1729 1748 (2007). 
175. V. D. Kuznetsov, Surface Energy of Solids, London (1957). 
176. G. M. Traecy and C. B. Breslin, Electrochimica Acta, 43, 1715 1720 
(1998). 
177. D. P. Woodruff and T. A. Delcher, The solid-liquid interface, 
Cambridge (1973). 
178. H. Habazaki, X. Zhou, K. Shimizu, P. Skeldon, G. E. Thompson and G. 
C. Wood, Thin Solid Films, 292, 150 155 (1997). 
179. P. O. Gartland, Surface Science, 62, 183 196 (1977). 
180. R. C. Newman, Corrosion Science, 37, 527 533 (1995). 
181. M. Yasuda, F. Weinberg and D. Tromans, Journal of The 
Electrochemical Society, 137, 3708 3715 (1990). 
 
 
 
 
 245 
  246 
  247 
  248 
 
